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pu1sedrpower (@ﬁ@% in terms of % energy transferred (<2%) and the time required
for the transfer (6566;:{._‘A scaling law for pinch stability has been derived,
which i< consistent with our data and that from several other experimental devi-
ces; this model predicts that a plasma focus could be designed to permit longer
energy transfer times by increasing the ancde radius.

As to the progress of the two students supported b;’;;;\:;ntract, Mr. Frank

Venneri, has successfully built and operated a curved-crystal séft-Xray sepctro-
meter and he is in the process of writing his Ph.D. thesis. Mri Kevin Boulais
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completed the requirements for the Masters of Science degree iﬁ electrical engi-

neering. Mr. Boulais' thesis on laser interferometry of the pinch phase along
with Mr, Venneri's spectrometer finally gave us a set of state-of-the-art
diagnostics with which to study the plasma physics of the plasma focus. The

results of these studies are being prepared for publication .
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O
! A, Mbstract 3
i The utility of the plasma focus as an opening switch was analyzed on the :;ié:é
) basis of our previous experimental observations and those on other Mather-type ';
devices, A load resistor has recently been included in the opening switch cir- :.::::':
cuit model and the analysis indicates that the typical pinch resistances :?::g
measured (~0.12) are too small to drive typical load resistances encountered in ';;
pulsed power (~1Q) in terms of % energy transferred (<2%) and the time required .
for the transfer (»200ns). A scaling law for pinch stability has been derived, 'E%t:!f
which is consistent with our data and that from several other experimental devi- .
ces; this model predicts that a plasma focus could be designed to permit longer :,2‘5?:‘:
energy transfer times by increasing the anode radius. .'::‘:‘:é
As to the progress of the two students supported by the contract, Mr. Frank ..‘
Venneri, has successfully built and operated a curved-crystal soft-Xray sepctro- :.é
meter and he is in the process of writing his Ph.,D. thesis. Mr. Kevin Boulais ':E§
completed the requirements for the Masters of Science degree in electrical engi- :
neering. Mr. Boulais' thesis on laser interferometry of the pinch phase along :
with Mr. Venneri's spectrometer finally gave us a set of state-of-the-art “ﬁ
diagnostics with which to study the plasma physics of the plasma focus. The ,‘. 3
results of these studies are being prepared for publication . '
R

B. Research Objectives AR
As stated in the proposal, the overall goal of the research was to complete E.,’;h
the testing of the plasma focus as an opening switch (PFOS) in the Filippov \, 3
geometry with sufficient time allotted so the two graduate students could ‘f
complete the experiments required for thier thesis. Since the utility of the :
PFOS concept has always been uncertain and since theses must contain successful ‘é‘i
results for publication and to further careers, the testing of the PFOS concept :":
was not chosen for either thesis. .:::':.::‘.
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C. Status

While I was able to perform considerable analysis as to the merit of the
Filippov geometry in the opening switch configuration of the load coupled
directly to the anode (Fig. 1), the experiments required to support the student
theses tied up the plasma focus device for the entire period of funding. While
there is a small chance the Filippov experiment will be performed this spring
while Mr, Venneri is writing up his Ph.D. thesis, there are no new experimental
results at this time, However, the experiments involving the student theses
were enormously successful, being sort of a rite of passage for both students
and launching them both on promising careers as experiment research sceintists.

In the first section Cl the analysis and prospects for the plasma focus as
an opening switch will be presented briefly, with the details supporting the
conclusions included as Appendix A. Then the highlights of the Francesco
Venneri's and Kevin Boulais' theses are presented in section C2 and C3; Mr,
Boulais' Masters's thesis is included as Appendix B. A copy of Mr. Venneri's
thesis will be sent to AFOSR as soon as he has completed the requirements for

the Ph.D.
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Cl. Analysis of the PFOS Concept ol

An equivalent circuit for the plasma focus load circuit is shown in Fig. 1. g
- The energy is stored in the external circuit inductance Lg which drives the .
plasma to a pinch at t=0. The resistance of the pinched plamsa is represented !
by Rg(t) taken tou he a step function beginning at t=0 when Sp is closed. For s
the fast transients considered here, it is assumed the capacitor bank has a
negligible effect. RO
Previous solutionsl included only a load inductor, but recently the solution o

was extended to include a series load resistor, RL. This permits the model to P
be applied to more realistic loads including transmission lines, or pulse ﬁ%&%
forming networks which a~e commonly used2,3 to match Marx generators with beam Qgﬁé
diodes. The impedance of these networks are typically 10.2,3 Y

The analytic solution is as follows. The load current, I, is given by: ngﬁ

- (a-Bz)e

2 ! "’
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From this the voltage drop and energy transferred to the load resistor, V| and
EL respectively, can be calculated and the time, tm, of the peak power transfer

to the load can be found.

S Do D RN

From our previous experiments4, where the peak load current It ~14kA, Lg =

17nH, Ly = 29.4nH, L = 30nH, and R_ = 0.892, one finds that the solution best

i

fits the data if Ry ~ 0.079. This value is in the range observed in other
plasma focus experiments,5

If one assumes Rg ~ 0.12 independent of the device and varies R_ for the
Limei16 Filippov plasma focus (which is of more optimal design) where Lg = 17nH,
Lo = 21.9nH, L} = 6nH one can find the peak Iy, VL, EL(tM), EL(a) and ty for
each Ry from equation 1. This is shown in Fig. 2.

As can be seen, the E) (tM), EL(=) and I pk all suffer a decrease with
increasing Ry, especially for R > 0.1Q. While the peak voltage increases with
RL as desired, these effects are overcome by the decreases in ILpk and Ei(=).
The latter being less than 2% of the total inductive energy available Ey (Eq =
Y2(Ls + Lo)Ig2 = 63kJ).

The problem is that the opening resistance of the plasma focus appears to be
too low to permit the transfer of a significant portion of the initial energy on
a short time scale. This can be seen in the following. If one assumes a fixed
RL of 1.09 in the previous example and varies R, between 0.1 and 10 ohms one
finds the ratio of E (~)/Ey, increases from 0.018 to 0.276 and tMm decreases from
52ns to 6.3ns (Fig. 3). The fraction of the initial energy E, stored in the

inductances Lg and Lo (Eg = 63kJ for this example) transferred to the load (by t

= 4tM) s ~ 0.01E, for Ry = 0.12 to 0.23F, for Ry = 108 with EL(4tm)>0.1Ey for

4tm < 92ns for Rp>1.09., The rest of the energy Eg s consumed in Rq during this
period.
Thus the plasma focus would be a potentially useful puised power device for

Ro > 1.09 but unfortunately our measurements are consistent with a value of less
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? than 10% of this. While at best (for Ry = 10Q over 3/4 of the inital energy is g
consumed in the switch) the fast energy transfer time (4tm ~ 25ns) would :;
) make it very attractive, for the R, observed (~0.12), the transfer times are too tlhy
long (4tm ~ 200ns) and the fraction transferred too small (Ep(4tm)~0.01 E,) to ,i't
seriously consider the focus as a candidate fer an opening switch, o:::::':
In a1l this analysis, it was assumed that Ry was constant for several times ':;::

tM, however in reality the enhanced resistance only occurs over roughly the i{i’:
duration of the pinch (or the period of stability) 1. For Mather-type plasma ‘
focus devices this period can vary from 10-20ns for a 1kJ device to ~150ns for a Oﬁ»‘
device of a few hundred kilojoules. Through considerable analysis of our E:
experimental data and that from other devices, we have developed a scaling law :
to predict this period. This analysis is useful to determine whether the energy ':;::
transfer could actually occur or be interrupted prematurely if t<4tM), Thus it ;.:;.{
would be essential in developing the plasma focus as an opening switch espe- :S‘;gi
cially if Ry>1.02 and is included here as Appendix A. '!:
Basically in the analysis it is found that the stability period t = a ro/Vp :'é};
where rq is the pinch radius, Vp is the radial collapse velocity and o is a ‘E:::
constant of proportionality; this is consistent with experiment.l Since empiri- .
cally ro o ral-3 where rp is the anode radius. Longer t and hence transfer s:';":.
periods may be obtainable by increasing rq. .:'::":!‘(
C.2 Francesco Venneri's Ph,D. Thesis Project “
In order to measure the electron temperature during the pinch to determine Q}?
the Spitzer resistivity and the speed of sound, a dispersive element is F '
necessary to avuid errors due to contamination of the spectrum due to Tine
radiation caused by impurities. For example, using a filter technique and ':
assuming a free-free bremsstrahlung-type spectrum, plasma focus researchers have :;'\P
tended to estimate the electron temperatures to be in the multi keV range :‘-
oz
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whereas using laser scattering they tend to be in the sub-keV range.’ In our
device using filters and assuming a bremsstrahlung spectrum, we have measured
electron temperatures to be in the 300-500eV8 range but the presence of line
radiation ca~ not be ruled out.

A dispersion element, such as a crystal spectrometer, permits the dispersion
of the radiation as a function of a wavelength so the spectrum can be observed
photographically and the regions of line radiation and bremsstrahlung can be
identified and separated. Thus the radiation can be analyzed using the proper
model for that region of the spectrum and an accurate value of the electron tem-
perature determined.

For Mr. Venneri's thesis project, it was decided to construct a state-of-
the-art curved-crystal spectrometerd for this purpose. In the following sub-
sections the spectrometer will be described and some typical experimental
results presented. How these results have been applied to the project is

illustrated in Appendix A.

A. Curved Crystal Spectrometer

A crystal spectrometer uses the diffractive properties of crystals to iso-
late wavelength in a distribution of x-rays, so that they can be detected indi-
vidually. Due to the regularities of crystal lattices, x-rays of the same
wavelength, scattered from different crystalline planes, experience constructive
or destructive interference, depending on the differeneces in their path
lengths.

The interference is such that, for crystals with a sufficiently large number
of parallel planes, only the x-rays with wavelengths obeying the simple Braggs'
rule are constructively diffracted (reflected) at a certain angle (x) (Fig. 4):

n*l = 2*d*sin(x)
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Where: n = Order of the diffracted beam (equal to the number
of the first plane under the surface from which
the wavelength is constructively diffracted).

d = interplanar spacing of the crystal.
1 = difracted x-ray wavelength,
x = angle of diffraction.

When analyzing a plused source such as a pinched plasma, a plane crystal can
offer only a limited range of diffraction angles to an incoming (diverging) x-
ray beam, and no range at all if the beam is collimated parallel. To detect a
wider portion of the spectrum a curved crystal should be employed.9

In the x-ray spectrometer developed for the Dense Plasma Focus, the curved
crystals are elliptically bent with the plasma filament (pinch) at the far focus
of the ellipse. The cuvature in the crystal produces a continuous range of N
incidence angles between the incoming beam and the crystal planes. Different
frequencies are constructively diffracted at different angles, then converge to
a common crossover point (the near focus of the ellipse) and finally diverge
towards the detection circle.

The beam is unrestricted (diverging) in the horizontal plane, but collimated
in the vertical direction (pinch axis) to exclude viewing of the electrode
region. At the crossover point, a collimating vertical slit (parallel to the
pinch) is placed to reduce the background radiation from regions outside the far
focal axis of the ellipse (location of the pinch).

On the detection circle, an array of solid state detectors (PIN diodes) pro-
vides time resolved, space averaged readings of the X-ray emission at selected
spectrum locations.

An aluminized Kinfol vacuum window (0.lu aluminum deposited on 2u Kimfol)
filters visible and UV light out of the spectrometer, which is kept under oil-

free vacuum to prevent attentuation of the x-rays, contamination of the detec-

tors and breakdown of their bias.
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Different crystals can be used in the spectrometer, each with its own dif-
ferent interplanar spacing asnd useful frequency range, not to mention bending
and mounting techniques. The geometric resolution of the spectrometer depends
on the match of detector and crystal geometry. At a detection circle of 15 cm
in radius the resolution is between .5 and 2 ev/mm, depending on the eccentri-

city of the crystal (dE/E = 1/1000 for KAP and PET, 1/20000 for LiF).

B. Temperature Measurements

The electron temperature of our DPF was determined as a function of time,
using the curved crystal spectrometer (Fig. 5).

After a line-free region of the spectrum was located (energy regions above
the highest line), the bremsstrahlung emission was monitored with three PIN
diode detectors. This allows to determine the temperature as a function of time
in the pinch.

The temperature is in fact proportional to the logarithmic slope of the
bremsstrahlung spectrum and the use of three detectors allows the verification
of the effective thermal nature (as opposed to beam target) of the monitored
continuum,

This method is applicable (with high efficiency crystal geometries) even to
pure hydrogen or deuterium discharges. There is no need to use a seed gas to
enhance the x-ray emission, unless it is of course desired to investigate the
spectrum of such seed gas.

For hydrogen and deuterium discharges the temperature was determined using a
100 mm x 20 mm PET crystal of eccentricity 0.806 placed at a focal length of 65
cm from the Plasma Focus pinch, The energy bands selected for this application
were 1468 eV (+-5 eV) and 1670 eV (+-6 eV). The spectrometer was independently
calibrated using a foil filter technique (filtered detectors mounted at the end
of a 4 m collimating tube) and a second crystal spectrometer (flat PET crystals

at 1592 eV and 2006 eV). The relative efficiencies of the PiN diode detectors
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were also determined employing the long collimating tube to view the same region

(e A s

o4
Pt et

of the plasma pinch during a series of calibration discharges.

ot

The measure temperatures range between 200 eV and 400 eV (Fig. 6).

The temperature obtained using this technique is very nearly the maximum )
temperature obtained at the most dense part of the pinch, as it develops as a é
function of time. In fact the dependence of the bremsstrahlung radiation on the :g
square of the density and exponentially on the temperature heavily weighs the tj
hottest and most dense regions of the pinch as the radiation is averaged over ;4
the viewed emitting region. E

These results are the first using this type of spectrometer on a plasma ;J
focus and generated considerable interest during two presentations at plasma ;Q
physics meetings,10-11 .ﬁ;

:‘
C.3. Kevin Boulais' Masters Thesis fg

Although we have been operating our plasma focus since 1978, we had no :
measurement of the plasma density or its profile until this year when Mr. fi
Boulais' laser interferometer came on line. With such an instrument, one can %{
obtain a snapshopt of the density profile in the plasma focus (see both :‘
appendices) at one instant (At<5ns) per shot. Through > series of runs, we have SL
determined that the dynamics of the plasma (as opposed to the neutron yield) are ¢:
reproducible enough, so that a reasonable understanding of the events taking f{
place can be obtained., This is clearly shown in Appendix A where the decay in fﬁ
the number of particles per unit length can be used to obtain an estimate of the ?q
magnitude of the axial flow velocity. This velocity appears to be great enough .é
to explain the stability of the pinch. Before Mr. Boulais' interferometer came ﬁ\
on the scene, we could only speculate about this, }q

Mr. Boulais' achievement is clearly remarkable since no one on campus had :E
any experience in this area and he only interacted with experts briefly at a few E>
meetings. Never-the-less the interferograms obtained are remarkable for their . E&
clarity. :
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! Mr. Boulais is now pursuing .is career investigating microwave generation by %;%
relativistic electron beams at the Naval Surface Weapons Laboratory in Silver I;jg

Spring, Maryland and hopes to continue toward a Ph.D. in electrical engineering 'n

at the University of Maryland next fall (1988), S:EE

For the details of his achievement, his M.S. thesis is reproduced as ﬂ‘;

e

Appendix B.
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Figure la. The operation of a plasma focus-load configuration with a %
load tap behind the anode. The switch Sp is closed at ¥
pinch time trapping the magnetic flux associated with 4
plasma focus inductance (Lg) in the load circuit. When
the flux 8¢ subsequently leaks out the current I| is ks
driven through the load impedance Z). I
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Figure 1b. The circuit modeled in the calculations presented in this v

section where the plasma focus resistance is represented
by Ro(t). The load resistor RL has been added to O

generalize the model so it may be more readily compared S
with the experiment. ¢
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Figure 2. Effect of varying the magnitude of the load resistor, R(,

for the Limeil6 Filippov plasma focus where R, = 0.1%, Lg
= 17nH, Ly = 21.9nH, LL = 6nH and E4 = 63kJ (Fig. 1). EL
(=), Ika, tm, EL(tM) and VL are the maximum energy
transferred to R, the peak current in RL, the time of the
current peak, the energy transferred to RL by tM (Rg is a
step function beginning at t=0 when I = 0). Vipk is the
peak load voltage.
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Figure 3. Effect of varying Ry on EL(=), EL(tM), Q(tM), Ipks Vpk., ot
and tM for R = 1.09, Q(tM) is the reactive energy stored )

in the load at tM. The rest of the circuit parameters are
the same as in Fig. 2. 13 )
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3(7/3)1 TO DEEPER

CRYSTAL PLANES

4(1/4)

nA=2d sing
I1lustration of Bragg's dispersion law for a crystal
spectrometer. By choice of different d (i.e. different

crystal types) different regions of the soft xray spectrum
may be investigated.
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Figure 5. Elliptical curved crystal spectrometer used to determine -
| the electron temperature. The plasma column is at one e
focus of the ellipse and the cross over point at the ?
other. Pin diodes and/or photographic film on the 4
detection circle are used to detect different spectral . . .
bands of the soft x-ray emission. N
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Abstract

By use of a streak camera aligned either along the axis of the pinched
plasma or at 90° to it, the distance along the axis between first and second

compression, h, and the minimum radius of the pinch, r_, have been measured as

o’
a function of the plasma current, I, and filling pressure, Py The plasma current
was measured by magnetic—pickup loops calibrated to 35MHz with Helmholz coils.
The results are that h « proy where x = —0.02:0.12 and y = 0.26:0.13 and
that r, « I"Lpob where a = —0.18¢0.11 and b = 0.2#¢0.03. Thus within the
experimental uncertainties h = @ I, where o = 8.622.4. These results may be
correlated to the stability period 7 by use of the zippering effect; the latter
predicts the radial collapse velocity v c should be directly related to the speed Ve
of the compression wave traveling along the column. These latter two quantities
are found to exhibit the same dependences with I and Py within less than 10%
experimental uncertainties in their power—law slopes. The empiracle scaling of 7
with P, and I found here is consistent with results of other plasma focus devices
and is consistent with ideal MHD stability theory. Experimentally, 7 is found to

be enhanced over that of a straight cylinder by a factor o’ = 2.720.6. Two

simple models consistent with ideal MHD theory could explain this enhancement.
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A Scaling Law for Macroscopic Stability
of the Mather—type Plasma Focus
G. Gerdin, F. Venneri, and K. Boulais

I.) Introduction

Stability of the plasma focus 1,2

or non cylindrical Z pinch is of interest
for both theoretical and practical reasons. Theoretically the stability of the Z
pinch represents a classic problem in magnetohydrodynamic (MHD) theory, which
predicts the column should be wunstable to the MHD equivalent of the

Rayleigh—Taylor modes 3.4

and thus presents an opportunity for a direct
comparision between theory and experiment. From a practical point of view Z
pinches, both compressional and gas—embedded, could represent a relatively
inexpensive approach to thermonuclear fusion if the period of stability can bhe
made long enOugh.5 The plasma focus represents a cross between these two
approaches to Z pinches being formed in a similar manner to the compressional Z
pinchﬁ’7 but having higher plasma densities! such as those of the gas—embedded Z
pinch. In addition the discharge currents in the plasma focus8 are also much
higher, which reduces finite larmor radius (FLR) effects. Hence understanding the
stability of the plasma focus could have applications to other types of Z pinches
especially in the classical MHD limit of small ratios of ion gyroradius (rci) and
mean freepath (A;;) to plasma radius (ro; i_.g. rci/rogo.l and )\ii/rogo.l).

Besides the similarities to Z pinch approaches to controlled fusion.
understanding the plasma focus is of interest in its own right.  Until 1978 the
plasma focus held the record for the most fusion neutrons produced per shot.? It
has been observed in large plasma focus devices that the majority of the neutron
production occurs during the stable pinch phaselo; hence determining the physics

behind the stability of the plasma focus could lead to a viable controlled fusion
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concept.  Secondly, soft xrays are produced during the pinch phase which may be :’::.3
. . . . ) s
used in soft x-ray lithography and mlcrosc0py11; the duration of the soft x-ray
(3
pulse could be optimized by the understanding of plasma focus stabilitv. Finally &
n
. . . T
the voltage pulse and peak current interruption generated by the device occur "o
during the pinch phase,l" hence investigating the stability of this device could lcad W
W)
. . . . \"
to important applications in pulsed power. :::
. . ) (SN
Experimentally the plasma focus discharge is observed!3 to be terminated by _::'_‘
. . . . L d
a Rayleigh—Taylor-like m=0 (or sausage) instability. = However the period of the R
1
0 0N
stable phase is typicallyl several times the inverse of the classical growth rate';’l .::}:
At
for this instability. In this paper experimental evidence is presented for an :}
empirical scaling law for the period of stability or more directly the scaling law
* {
for h, the distance along the plasma column between the site of the m=0 ¢ .’
N
instability and the end of the column. Then the theoretical basis for such scaling ﬁ
- . : »
is reviewed and these scaling laws (both empirical and theoretical) are applied to _
KX
predict the period of stability in other Mather—type 1 plasma focus devices. l:::‘.;
W
In the next section the phenomena of the plasma focus discharge related to o
the macroscopic stability (such as current sheath dynamics) are described. In K]
\
Section III the experimental apparatus is described and the experimental results ',‘!::
|
L)
governing the current sheath dynamics and the scaling of h and r, Wwith plasma ":‘
»
current and filling pressure are presented. In Section IV the theoretical models K2
\'.'
. - . 4
are formulated to predict the scaling of h and the period of stability, r. with T, E‘,':
. l,l.
pinch current and filling pressure and compared with the empirical laws presented “{
in Section III. Also in Section IV these theoretical and empirical laws are applied 'tl
Bt
o~ oF
to predict 7 in other Mather~type plasma focus devices and compared with A
~3
experiment. !
»
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II.) Relationship of h to stability

After the current sheath of a Mather—type plasma reaches the end of the
center electrode (Fig. 1) the current sheath collapses radially into a pinch along
the device axis. On reaching the axis the current sheath compresses, radially
expands and then recompresses.

The second compression is associated with m=0 instabilities13 which occur

14,15

at the end of the radial expansion phase. The results reported here are in

agreement with those findings.  The predicted period of stability 34 for a

cvlindrical column 7 = rO/vs is about 5ns (where v_ is the velocity of sound)

S
whereas the observed stable periods are typically 10 times this.13 For
compressional Z pinches the enhancement factor is at least 20 which is usually

explained by finite Larmor radius (FLR) effects.”

But due to the higher magnetic
fields present in the plasma focus this mechanism should be ineffective.
Alternatively, the pinch column is observed to be stable as long as the
column length /is less than a certain number @ of column diameters d where
2<a<100 experimentally and most typically about ten.16 Since the current sheath
is radially concave during the radial implosion phase, the pinch first occurs in the
midplane and then lengthens as the trailing portions farther and farther off the
mid—plane reach the axis in the so—called zippering effect (Fig. 2).17 Thus the
apparent speed of the lengthening of the column, Ve is related to the radial
velocity of the implosion, v, (which is rqughly a constant in the midplane, Fig.

3). Therefore one might expect the period of stability, r, to scale as:

ar
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where f is a constant on the order of 2 to 3 taken from experiment.

Since h ~ //2
ar
rall oy O 11.2)
Ve fvr
v
ol hx® St =or [1.3)
T v—' 0 0
r
. - , 1/2
so if Ve & VX Vo then one would expect 7 & « rO/vS, where o' = oy/2)"' /I
for 3 = 1.

To illustrate how Ve and v, could be related geometrically consider the
following simple model. Instead of a cylinder, consider the radially collapsing
current sheath as a concave hyperbola of revolution (Fig. 2) moving radially
inward with a uniform vy As the first compression occurs on the midplane the
surface of the column may be represented by:

= w2% + 17 11 4.)
where Z is the distance along the axis from the midplane and r is the radial

position of the current sheath at height Z (Fig. 2). For Zr>>r  one has

vcle/2vr where Ve = % Thus one would expect Ve and v, to be directly
related, where f = nl/Q in equations II~'1.) to II 3.). This zippering effect
occurs in all Mather—type plasma focus devices and has been reported previously.18

Thus this elementary model predicts h should be directly related to Ty if Ve
and v . are also directly related. In the next section the experimental evidence to

support this model will be examined.
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I1I. Experimental Procedures and Results

IIIa. Experimental Apparatus and Diagnostic Tool

The dense plasma focus (DPF) used in the measurements reported here is a
Mather—type19 (Fig. 1). The center electrode is hollow and has an outer diameter
of 5.08 cm. the inner diameter of the outer electrode is 10.2 c¢m and the center
electrode extends 14 cm beyond a lavite insulator. The input energy on the
capacitor bank (40pF) was varied between 6 and 18 kJ in these measurements and
the filling pressure varied between 1 and 8 torr of deuterium.

The velocities of the plasma edge and the occurance of macroscopic
instabilities were recorded with a streak camera either lined up with a vertical slit
to observe events along the axis of the pinch (z streak, Fig. 4) or horizontally to
observe the radial motion of the plasma .column. The minimum radius, r, Was
also taken from the radial streak pictures, whereas h was taken from the axial
streak pictures (Fig. 5). The plasma current was measured with magnetic—pickup
loops Imm in diameter placed in a quartz tube with an outer diameter of 3 mm.
The loops were calibrated with Helmhotz coils out to 35MHz and placed midway
between the inner and outer electrodes a few centimeters below the top of the
center electrode. Plasma density and density gradient scale lengths of the pinched
plasma were measured for some discharges by wuse of a Mach—Zehnder

interferometer and a nitrogen laser (/\=33711m).20

Using a curved crystal spectrometer 21,22 (Fig. 6), the electron temperature
of our DPF was determined as a function of time. After a line—free region of
the spectrum was located (energy regions above the highest line), the
bremsstrahlung emission was monitored with three PIN diode detectors.  This
allows the determination of the temperature as a function of time in the pinch.

The  temperature is  proportional to the logarithmic slope of the
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bremsstrahlung spectrum and the use of three detectors permits the verification of
the effective thermal nature (as opposed to beam target) of the continuum.

This method is applicable (with our high efficiency crystal geometries) even
to pure hydrogen or deuterium discharges. There is no need to use a seed gas to
enhance the x-ray emission, unless it 1is of course desired to investigate the
spectrum of such seed gas.

For hydrogen and deuterium discharges the temperature was determined
using a 100 mm x 20 mm PET crystal of eccentricity 0.806 placed at a focal
length of 65 cm from the Plasma Focus pinch. The energy bands selected for
this application were 1468 eV (+5 eV) and 1670 eV (¢6 eV). The spectrometer
was independently calibrated using a foil filter technique (filtered detectors mounted
at the end of a 4 m collimating tube) and a second crystal spectrometer (flat

PET crystals at 1592 eV and 2006 eV). The relative efficiencies of the PIN

diode detectors were also determined employing the long collimating tube to view
the same region of the plasma pinch during a series of calibration discharges.

The temperature obtained using this technique is very nearly the maximum
temperature obtained at the most dense part of the pinch, as it developes as a
function of time. In fact the linear dependence of the bremsstrahlung radiation
intensity with the square of the density heavily weighs the most dense regions of

the pinch, since the radiation is averaged over the viewed emitting region.

Il b.) Experimental Results

Scaling of h and T'H

The experimental scaling and magnitude of h and 1/ for the Illinois DPF as

a function of plasma current and filling pressure are shown in Figs. 7 to 10. As

- - - R . Py LR LT AP A AR T S . (s T, « L)Y G LN \
e R N N e R Ao




. . CNRRkR e - TS YUYy .
R R A R IR I W WU WU WU NL T NUNA L N U NS N WU R Y U MU NG AU N U R U NUNLU UL N W UK\ N AL w8 o' ot ¥ & g Y. l'.'

l..:

\)

, . B
;‘;.!

- l"'(
LA .l‘

can be seen, the power law least squares fits to the data reveal that h depends '.:*__,
on the plasma current, I, and filling pressure p, as: ":.;'
]

Q:.:'

[

h « I%p Y I 1) o

[0} 4

where x = —0.0220.12 and y = 0.26+0.13 N
,

The dependence of plasma radius, r o with these quantities as ‘:;:;
Y

r, 2 pob I 2) ,.:‘:%'

where a = —0.18+0.11 and b = 0.2£0.03 'i:;’:
J“

Thus within the uncertainties h and I, have the same dependence on these ';::j
)

quantities and hence are proportional to each other within the experimental error. "‘::-‘
There is a shift between the current scaling value for r, with Iy = t?
4

1.7 + 0.2 mm, and the pressure scaling value with I, = 1.26 £ 0.8mm. Although
b oh

within experimental uncertainties, the discrepancy may be due to slight differences e
in the camera alignment since these data sets were taken on two separate WX
Us

1,

occasions. A typical value of Ty obtained from the Mach—Zehnder interferometer 2:;::
A

2 . . . . . . )
20 (half-width half-maximum of the density profile) is 1.5#0.1mm (Fig. 11), which :E::'
B

is within the uncertainties of both sets of dates obtained from the streak camera. 0
e

o

2]

:.:l

Relationship Between v_ and v o,
T C ..::

()

The streak camera was lined up horizontally to view the region 0.27:0.05 ":‘:‘:

Y

cm above the top of the center electrode. The current flowing in the plasma was :.‘"
monitored by a magnetic—pickup loop whose center was 2.4 cm below the top of *
o

the center electrode and 3.4 cm from the device axis. Typical results are 9
\J

presented in Fig. 3 showing that the radial collapse velocity achieves a roughly b
N

3
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constant value. The results of the scaling of the radial velocity at a given radial
position as a function of plasma current and filling pressure are shown in Figs. 12

and 13. For the scaling of v, with current, the prediction of the "M" theory 23

adapted to the Illinois DPFZ* is also shown.

The results versus current do not go through zero as predicted by theory,

according to which v, should scale as:23
/ Ho! 1/2 I 3.)
V. =V = .
f AI-E 2rr, (2p,mn )

where v A is the Alfven speed at the outer edge of the center electrode (r=r A), [
is the plasma current, n, is the fill density and m, is the ion mass. The
deviation of the data from the theory may be due to a velocity dependent drag of
the current sheath on the anode but this is only speculation on our part.

v, Wwas measured from the axial streak pictures (Fig. 5) and is plotted as a

function of I and P in Figs. 14 and 15. To see if v  and v, are related we

compare the least square fits to the data presented in Figs. 12 to 15.

For the dependence of v . and Ve with plasma current the two data sets

were fitted to a power law relationship, i.e.

v, = BI} 1 4.

_ F
and v = BFI

. 11 5.)

where R = 0.71120.07, and F = 0.78£0.07

Thus within the uncertainties (less than 10%) these two velocities have the same

dependence on the plasma current as would be expected in the zippering effect.
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For the variation in pressure v_ and v, were fit to a power law:

v, x py' 1l 6.)
and Ve x Py I 7.)
where r = —0.4120.04, and ¢ = —0.46+0.04

Thus within the 10% experimental uncertainties v, and Ve have the same

dependence on filling pressure.

Plasma FElectron Temperature

The electron temperature is useful in calculating the speed of sound in the
plasma for comparison with theory. The soft x-ray measurements involve an
average over a few millimeters along the pinch column. For pure hydrogen or
deuterium filling gases (Fig. 16), the electron t;emperatures22 typically rises to
250eV at the peak of first compression, cools to about 200eV at the end of the
radial expansion (about 16ns later) and rises back up to over 300eV duri_ng the
peak of second compression (about 27ns after first compression).

The results presented in this sectjon will be discussed in the following

section.

IV)  Discussion of Results

In this section the experimental results are summarized and then compared
with theory. Since the stability period appears to be enhanced, two simple models

are discussed which could account for such stability and still scale as

ry
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ro/vs. Finally the 7 » t)z’o/r0 scaling is compared to data from other devices to

check its validity.

IVa) Summary of Experimental Results

From the discussion of section II it is seen that is h « I, and that if
Ve X Vg the scaling would be consistent with the classical result that 7 ~ a
ro/vs. h (the distance between the point the m=O0O stability occurs and the end
of the pinched column) is a convenient parameter to measure from axial streak
pictures.  The experimental test of these relationships was to vary the plasma
current, I and filling pressure (deuterium), Py Over as wide a parametric range
possible to see how each of these quantities varied with these parameters.

For variations of the pair h and I, with Py and for variations of the pair
v, an v, with both p, and I the same scaling is found (see egns. III 1 to III 7).

The v r and Ve scaling with P, and I give support to the zippering model

of the relation between these two quantities. h scales the same way as I, with I

within the uncertainties which are large with respect to the mean value (egn. III
1 and 2) but which are at most less than twice those of the Ve Ve data in the
absolute sense. Since the mean values of the exponents are close to zero this
merely implies that the dependence of h and r on I is weak. While this does

o

not prove that h and r_ are related, the demonstrated correlation between Ve and

0
v, supports the classical scaling model:

and the weak dependence of h and I, with [ is at least consistent with this.

»
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Also the small but significant trend in the scaling of h and I, with Po (i.e. h « '::3:‘1
Py 0.26+0.13 and I, % P, 0.2+0.03) indicates that h and r, are directly related.

a, the ratio h/ro, is 8.6¢2.4 experimentally and related to o' = 7'vs/r0 by Y
(section II) .

o = a(r/2)}/?t. IV 2, 4
where f = vc/vr' f is 2.6«0.8 for p, variations and 1.4%0.7 for Ip variations XA
making the mean value f ~ 1.920.9 . Thus o' =~ 4 *# 2 from the experimental e

results of h/r  and v /v, and this model. e

This will be compared with o’ taken from other experimentally determined A

quantities and theoretical models for o’ it the next subsection. Wik

IV b) Comparison of Experiment with Theoretical Models of the Sausage

e

Instability in the Plasma Focus o‘.:‘.

In this section the classical Kruskal-Schwarzschild® theory for the sausage
mode is applied to the pinch phase of the plasma focus and used to predict the :i::"
growth rate and wavelength of thc instability. Then three additional models for R
enhanced stability based on 1) the shape of the pinch, 2) axial flow of plasma,

and 3) self-generated magnetic fields are also presented. Ront

The Kruskal—-Schwarzschild Theory

The classical mhd theory for the m=0 mode in a plasma supported by a “
magnetic field against gravity; this is the well-known Kruskal-Schwarzschild :‘-
instability.3 If the gravitational accelcration vector, g, points away from the fluid X

the plasma is unstable and the growth rate of the instability, T, is related to the N
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wave number k by:

T = (kg)l/2 IV.3)

-_— =)

for the case ke B = 0. The gravitational acceleration vector pointing out of
the plasma is equivalent to the plasma being accelerated by the magnetic field or
a convex curvature of the magnetic field with respect to the plasma; the latter
causes the centripetal acceleration vector of the fluid to point into the plaLsma.‘25
Thus during first compression, the plasma is being decelerated by its own
compression, the acceleration vector points out of the plasma, and hence is
stable%. However toward the end of the radial expansion phase the plasma is
being decelerated by the magnetic field and hence should be unstable.

Although equation IV.2 predicts an infinite growth rate as the wavelength of
the perturbation approaches zero, two phenomena: finite ion gyroradius, p and
finite density scale length, r)_l, can give a lower bound to the wavelength. When

one considers the effect of field line curvature for a cylinder g can be given by:4

g = /»:T/mir0 IV.4)

(here T, m. and r_, are the ion temperature, ions mass and the plasma radius

1 0
respectively), one finds:2' 25
e IV 5.)
m; T

for p = 0.
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From our experiment during first compression, where Py, = 3 torr (D,), I = "

550kA, T~ 3306\/’29, r, ~ l.5mm and 7 ~ (l.2:i:0.2mm)_1 (Fig. 11) 7 ~ 1/6 ~ d
11+2ns. This compares with the experiments period between first and second o,
compression of 27+3ns so o' for our experiment from the classical model is 2.5%0.5 ol
which is consistent with the data from the h,ro,v oVr scaling results.

§3e
IV ¢) Effects of Curvature O

During the radial collapse phase the plasma experiences an acceleration just X

prior to first compression (Fig. 3) which could cause m = 0 modes. Viile .

peturbations in the current sheath are commonly observed during this period 3{§§
(indeed there is evidence of such in the upper right portion of the interferogram
in Fig. 11), they don't cause a column disruption as in second compression. Since N
the column is concave during radial collapse it is possible that the growth of Ny
these perturbations is surpressed by curvature effects considered by ComisarC, oty
Later, during the radial expansion phase, the plasma column is cylindrical near the

midplane, so the effect of curvature would be reduced.  Therefore some other L

mechanism must provide stability during this phase.

IV d.) Stability induced by Axial Flow \

During first compression the plasma is stabilized by its own deceleration but X
during the radial expansion this mechanism is no longer effective. However there b
is considerable evidence of axial fluid flow during this phase which could provide

stabilizing effects.

Besides the radial motion of the plasma during these phases, strong axial !

flow is also implicit due to the lack of confinement at the ends of the pinch. N
b

31

Downing and Eisner using laser scattering during the pinch of a 15kJ oy

-
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Mather—type plasma focus observed a roughly constant density during the last
stages of the radial collapse through first compression. Since the radial veiocity
was ~3e10" cm/sec during this period, an axial velocity of 2.4.10° cm/sec was
implied to conserve particles. They also analyzed other laser scattering
32,33

observations of the plasma focus and concluded high axial velocities were

probably present in these devices as well. Also there is evidence of high velocity

(~10S cm/sec) axial flow from x-ray framing camera pictures.34

The presence of
a high axial velocities during the first compression and radial expansion phases is
supported by computer simulations of these phases as well.35"37

In our device, evidence of high speed axial flow can be seen in the rapid
decrease in particle number per unit length, N, during the three phases of the
pinch as measured using the Mach—Zehnder interferometer.  The interferograms
reveal that for the standard case: P, = 3 torr deuterium and I = 550kA, N falls
from about 1018/cm at first compression to ~ 6.1017/ cm during the radial
expansion and down to 1017/cm during second compression. Thus the rate of

decay of N is roughly constant of over this period.

Taking a simple axial outflow model:

/8N = oNy, IV 6.)
It

where ¢ v are the length of the pinch area and the axial flow vclocity
respectively.  Since ¢ = 2h and taking an average h ~ lcm during radial
expansion, one finds vg ™ 6.107cm/sec for the entire pinch period.

The stability critrion may be expressed38 by Vg > V4 perturbations are

swept at out of the column before they can grow. However as the mass flows




SR TN T K TIRTIE T ¥ PO RN
S TN Ay N M AN R R XA ) ¢ ¢, pv8 2% 000 0" ¢ 8" 2% g% st 2" IR NU N U XM 4g°alyakgvolsvota JNav o fa Vgt e 22 90% $20 S22 b Bat 4.0 gat & o 9

.’..

Aty

%

17

T

»
»

..
-
2

out the ends, Va increases until the instability 1s triggered. For I ~ 550kA and

7
p, ~ 3 torr, analysis of the interferograms reveals that v, ~ 4.6 ¢ 10 cm/sec )

Zrri. .

S
Pk y”

L —.‘
-
O K

at the time of second compression. The speed of sound on the other hand, since

-
~
-
-
-

7 &
200eV, is ~1.4 e 10' cm/sec through out the pinch phase, thus the flow is e

supersonic with a Mach number of ~ 4.
In this model the stable period scales as a loss time for mass T¢

Tf = h/VZ

Theoretically vy can be related to v, as follows.  Because of particle
conservation during the radial collapse, the axial flow velocity v, for a cylinder of
length < and radius r would be ~ / Vr/r where v is the radial velocity. This
flow velocity appears to persist well into the radial expansion phase. This may

be seen theoretically as follows: If one assumes potential flow, then Bernoulli's

equation holds and one has:

p/p + 1/2 V2Z = constant IV 7))

The first term in IV 7.) is just vs/7, where 7 is the ratio of specific heats. Xy

. . . %
Since, as shown above, vS<<vZ), vy would be approximately constant during the e
entire pinch as consistent with the above discussion. A
ol
From these considerations appears that v, < v, during radial expansion, z?,: A

T

but this reverses at 2nd compression due to mass loss. The scaling, since v, =
R
Ve would be essentially classical: .0.':5
Wk

ar T, ey
T ~ h/Vz ~ ~ a v 8) “‘
(Z]rt)v c Vg K
o
K
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with about the cnhancement factor, o' = af / (7/2)1/ being somewhat smaller
T

(~2.6) since Vg > Ve Thus this model also appears to give results consistent

~

with the data.

IV e) Enhanced Stability from a Self Generated Magnetic Field

A self generated axial magnetic field could provide column stability. The

addition of an external axial magnetic field has been shown to provide stability to

the plasma focus;39

25,40

the elementary theory of the Kruskal-Schwarzschild
instability also supports this. Filamentary structures,observed in the discharge

.. 2 . .
from the begmnmgM’4~ and found in the pmch43 could be force—free
conﬁgurations44 hence providing an axial magnetic field. Evidence for such a field
has been reported from measurements using magnetic pick—up loops41’45 and

Faraday rotaution.46

However in ref. 41 the filamentary fields were found to
alternate between inwardly and outwardly pointing radial fields during the rundown
phase whereas in ref. 45 they were found to point only in one direction radially.
Also in ref. 42 the filamentary structures were reported to disappear later in the
discharge whereas in ref. 41 they were reported to persist into all phases. Thus
the nature of filamentary structures is somewhat ambiguous.

A possible model to take into account the magnetic shear introduced by the

axial magnetic field of such filaments could be as follows. The shear limits the

. - 25,
wave number of the maximun gr vth rate , kMAX to be “°:

B,p

K _ kT o”o IV 9)
MAX m.r 2
i"o 2BZ
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where BZ is the axial magnetic field. Assuming § = 1, the wavelength of the
maximum growth rate, ’\MAX’ is now given by:
167rr0BZ2
AMAX = IV 10.)
BY — B_~
) z

where B é is the azimuthal magnetic field.

As the column lenghtens the instability would occur, when:

/= ‘2h>)\MAX/2 IV 11.)
or
47rrO Bz
h> IV 12.)
2 2
For comparison with our experiment, ar:h/r0 ~ 8.6, Bz/Bqﬁ ~ 0.6. The

magnitudes of the B, and B, and B¢ magnetic fields reported in ref. 41.45 and
46 would make BZ/B¢ of this order or greater so this effect cannot be ruled out.
However, the observed wavelength of the instability is at least an order of
magnitude smaller than A = 4h as predicted by the model, possibly due to its
simplicity. ~ This model is only presented here as an illustration of one effect
filamentary structures could have on stability. A more sophisticated treatment 4

is beyond the scope of this work.

Computer simulations of the plasma focus dynamics using a two—fluid model

reveal4’ that current filamentation should occur in the pinch phase which could

explain the structures observed by Sadowski et al. 33 and provide a stabilizing B,

as well. The results of these simulations also show that the period of stability
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) 7 '
should scale as the plasma current, I, to the three—halves power.4 Because of ,

: t
; the complicated nature of these calculations, it is not obvious that there is a -3
i h d
, single mechanism involved in the enhanced stability. ;
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IV f) Comparison of the Empiracle Scaling with the Results from other .:‘::
Mather—tvpe Plasma Focus Devices. ,_

So far evidence has been presented to indicate that h = « T, and :::::

T = oz'ro/vr in our Mather—type plasma focus but is this result unique to this "'j
device?  Since the scaling is classical, enhanced by a factor of a’, it seems ?
reasonable that it should apply to other DPFs. We have gathered data or pinch .
current, fill pressure (i.e. equivalent' in mass density of that of pure deuterium), ';’;{
pinch radius, and 7 from the literature and scaled v, o« 10'745/p0 0.435 where the l.::.':
1,V

exponents are the mean values from our Ve V. data to be consistent with the E::EEE
zippering effect. N
The results are shown in Table IV 1.) and Fig. 17. The scaling relations ;—F

for the stability period is given by g}
"h

. = T"f_o [:]0.745 [Po _]0.435 IV 13) o

r, Ll Py, é(é'{.

o

where the quantities subscripted by ¢ are those for our device (U. of I.) and are :".’:'
listed in Table VI 1.) along with those parameters from the other devices. The ':3:
data follow the linear—least square fit fairly well with less than a 20% uncertainty S
in the slope (1.3 £ 0.2). All those listed but the Frascati device have hollow .
cathodes which could effect v, if drag on the center electrode is an important i‘i\“
effect. That is, with a hollow cathode, the drag force is farther away from the &5
constricting region during collapse than with a solid anode and hence the effects of o
drag would be reduced. This could explain the devation of the Frascati point (F) E:"\,
from the 7 = 7, line but not that of the Poseidon point (P). In any case the :i

agreement with a linear relationship between 7, and 7 is evidence that the
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scaling relation IV 13.) is on the right track. The values of hS were  scaled DN

simply from: el

hy = h[[ro } IV 14.) o

however fewer values of h, can be found in the literature (Table IV 1).
However, those that are found are in fair agreement with the predictions of IV '::‘E
14. Thus this enhanced classical scaling appears to hold for several other "'.:ﬁ
Mather—type plasma focus devices as well. oy

Although the scaling equations IV 13.) and IV 14. are useful to test :Q"
consistency between devices, they are not very useful in design since one has to .$
know I, before one can predict r. If, however, one plots I, Versus r, the anode
radius, for the same devices of Table IV 1.) one finds (Fig. 18): e

~2 r 1.3£0.2

r, = (6= 1.6) o 107~ 1, IV 15.) R

both I in cm.

: . . . N
If the radial collapse phase were adiabatic and one—dimensional, one would 5

D
predict: (since V « r2) :

Ty

T )

e, o= | A2 IV 16.) E:
of “— -
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Since it has been noted that the pinch temperatures TO do not change W

99

significantly over a wide range of devices™™, the near linearity between Iy and 1,

is not too surprising. i Q)
Thus it appears one could use the scaling relation IV 15.) along with IV Ay

13.) and IV 14.) to predict 7 and h for a given design. However due to the G
scatter in the data, (the uncertainties in these predictions approach 50 percent) 4
only rough estimates can be obtained and the relations strictly apply only to Prd
devices with a hollow anode.
Finally the empiracle scaling of 7 with [ from egn. IV 13.) would appear to K

be at odds with the four—fluid model developed at the University of Stuttgart 0':',:‘2
47 13/2'

which predicts T x However, if I, is plotted verses 1 for the various W
3

devices listed in table IV 2.) one finds that: e

1.44+0.2 »
I‘O x I 1A% 17.) g

from a least—square power law fit so the overall empiracle scaling is: e

a T

Pa"g¥
3
;= o o 107203 ) 0.435+.04 i

o IV 18.)

While this is still not within the experimental uncertainties of the computational N

results47, the disagreement is not nearly as severe as IV 13.) would indicate. ~)

»
I{,’.
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Table IV 1
Scaling of h and/or 7 to other Mather—type
Plasma Experiments IFocus Devices: Comparison
with Experiments
A
Empirical
Exp Exp Scaling
Location of T I P, T, T h
Device (cm) (kA) (torr)  (cm) (ns) (cm) r(ns)  h{cm)
U. of Illinois 2.5 550 3.0 0.15 27 1.3 27 1.3
Frascatil$19 80 1300 3.0 1.0 130 - 95  S.7
Stuttgart
Poseidon ! 0+4%:48 6.7 1200 2.3 0.78 100 - 0 63
Nessi” ” 3.3 290 1.5 0.15 40-60 2 32 13
o 90T " Q-
Swierk 5.0 1000 038 75 2-2.5 71 3.3
Darmstadto%:53 0.8 200 2.6 004 16  0.25 144 0.3
Stevens>t 1.7 400-500 8 0.2 60420 1.0-1.5 6446 1.7
* Equivalent pressure in deuterium of 4 torr H, + 4% Ar in terms of mass
density
t Earlier data reported from Swierk®! gave a somewhat greater plasma radius
as measured using a streak camera. The data reported in ref. 50 are taken
from Schlieren pictures and laser interferograms and hence are more accurate.
T R T At T R T T A AR G A A AT L AT I R
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VI Conclusions

The experimentally observed constancy of the ratio of the distance between i
first and second compression along the axis of the pinch, h, and the minimum oes
plasma radius, L is evidence that the stability of the Mather—type plasma focus ?’;
is behaving in a manner as predicted by ideal MHD theory. The scaling of these L4
parameters with plasma current and filling pressure are reported here for the first
time.  Although the ratio o = h/io i1s about a factor of three above that
predicted for a straight cylinder, two simple models, both consistent with ideal .
MHD theory, can be used to explain this enhancement. The models include either py

the effect of axial flow, or the effect of a self—generated axial magnetic field. '3

o
However neither of these models is necessarily unique.

The empirical scaling laws developed from the experimental results found in s
this experiment were used to predict both h and the period of stability 7 in other .
plasma focus devices. The agreement between the scaled parameters and those "'.:
reported from the other experiments (table IV 1) indicates that the empirical X
scaling relations for h and 7 found--n this study could be used to predict the
performance of other devices. Thus if enhanced stable lifetime of the pinch is

desired at higher plasma currents, one could design a device with an anode of

larger radius (egns. IV 13-15).
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Figure Captions :::

]

Fig. 1 Schematic of a Mather—type plasma focus showing the successive "
positions of the current sheet and the pinch plasma at the end of the "

center electrode. .::

’

5

Fig. 2 The relationship between the radial velocity and the apparent vertical *
speed of first compression. If the shape of the current sheath and the t:

radial velocity prior the arrival on the axis are held constant in space B
and time first compression would appear to move along the axis as in 4
b). The relationship between radius and height of the current sheath 0

is taken to be hyperbolic. .'..

23,24 '

Fig. 3 A comparison between the predictions of "M" theory“™"“* and W
experimental observations using radial streak pictures and magnetic N

pickup loops. The width of the vertical bars on the data are the :::
experimental ranges of uncertainty. :::
Fig. 4 Alignment of the slit, for the streak camera for the z streak pictures. ,
!,
Fig. 5 Examples of z streak camera pictures (top and middle) and the ':i
corresponding dI/dt waveform. h the distance between first and .
second compression when second compression occurs is defined in the -
middle figure. ot

Fig. 6 Elliptical curved crystal spectrometer used to determine the electron %
temperature. The plasma column is at one focus of the ellipse and the ::g—

cross over point at the other. Pin diodes on the detection circle are .
used to detect different spectral bands of the soft x—ray emisson. i

X\

Fig. 7 The dependence of h (Fig. 5) on plasma current. The deuterium

filling pressure was 3.0 torr. ::2;

'!

4

Fig. 8 The dependence of h (Fig. 5) on deuterium filling pressure. The t‘;i
initial energy on the capactior bank was 12kJ. A
Fig. 9 The dependence of the minimum plasma radius, rj, on plasma i
current. The deuterium filling pressure was 3.0 torr. .:

¢

Fig. 10 The dependence of the minimum plasma radius, I, on plasma Ju
current. The initial energy on the capacitor bank was 12kJ. A

)
: Fig. 11 Top: Typical interferogram of the first compression phase obtzined -
) from the nitrogen laser interferometer (A=337 nm, A7<5ns). Bottom: A
‘ Abel inversion of interferogram yields this electron density ;
distribution. 2 -
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Fig.

Fig.

Fig.

.13

. 14

.15

. 16

17

18

The radial velocity during the collapse phase at a radius of 1.1 cm and
a filling pressure of 3 torr D, as a function of plasma current. The

dashed line and solid line are the least—squares power—law fit to the

23.9
data and the predictions of "M" theory“3’~4 respectively.

The radial velocity during the collapse phase at a radius of 0.8cm and
a bank energy of 12kJ as a function of deuterium filling pressure.

Apparent axial speed of first compression about 1 c¢cm above the
midplane as a function of plasma current. The deuterium filling

pressure was 3.0 torr. The line is a least squares power fit to the
data.

Apparent axial speed of first compression about 1 c¢cm above the
midplane as a function of deuterium filling pressure. The initial
energy on the capacitor bank was 12kJ.

Typical time dependence of the electron temperature of the pinched
plasma obtained with the curve crystal spectrometer for P, = 3 torr

(deuterium) and I = 550kA. Comparison with simultaneous laser

. 20. .

mterferograms“omdlcates the first peak corresponds to first
compression, the dip to radial expansion and the
second peak to second compression.

A comparison of the experimental period of stability, T with that

predicted from egn. IV 16.). The solid line is the least squares linear
fit to the data Key: F = Frascati, P = Stuttgart Poseidon, N =
Stuttgart Nessi, D = Darmstadt, St = Stevens Inst., Sw = Swierk,
and I = Univ. of Illinois (Table IV—1).

A piot of the final pinch radius, r o Versus the radius of the anode, r A

for the devices listed in Table IV—1. The line is the least squares
power law fit to the data.
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I. INTRODUCTION

The determination of electron density in a plasma
is important in the formulation of plasma models. Some of
the more common parameters that the electron density, ng,
helps to reveal are electron plasma frequency (fp fod ne%),
electron collision rates (R « ng), plasma skin depth
(6, o ne”%), and Debye length (Ap «o ne'ﬁ).

The time resolved density profile is important in
displaying plasma boundaries and, resolution permitting,
finer structures of the plasma such as current sheaths. In a
dynamic plasma such as that generated in a plasma focus,
knowledge c¢f the density profile 1is fundamental 1o the
understanding of plasma behavior and permits comparison with
various theoretical models.

It is the purpose of this work to measure the
electron density profile of the plasma produced by a dense

plasma focus in order to study the dynamics of the pinch

phase; a nitrogen laser interferometer is used.

A. The Dense Plasma Focus

The dense plasma focus (DPF) 1is a machine that
transforms a cold, low pressure gas into a hot, high density
plasma. Conversion is achieved by the magnetic pinch effect.
Plasma densities on the order of 101%m=3 are produced along
with high neutron yields and intense radiation across a wide

region of the spectrum.
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Because significan- numner. 25f neutrons are pro- ‘ v
duced, the DPF was originell: ouuddl: .Z a potential fusion :Eié
reactor. However, the dense placmz < .. not last long enough :EES
in present day devices to obtain o '"Ireak even” reactor?. ‘;
The DPF is still being researched @2 a high energy opening ~:
switchz, soft x-ray source3, laser pumoing device4, neutron .'5:‘
source and, aside from many other vossible applications, it :
is being studied for a better underztanding of hot, dense ;EE
plasmas. EE;E
The device consists of a pair of coaxial ¢lectrodes g
- open at one end and insulatec =. i1he other - in a gas é:é
filled chamber (Figure 1). Up to 100 &J of electrical energy "E
stored in a capacitor bank is discharged into the electrodes ‘
through spark gap switches. The pinch process starts as an .::3’
electrical breakdown of the gas along the base insulator 3:7“5
forming a current sheath between the electrodes. The self- ;‘;‘
induced magnetic field 1ifts the current sheath from the ;:%f
insulator and accelerates it down the electrodes. When the :En::'::
open end of the electrodes 1is reachea, the current sheath :
collapses radially, forming a high denzity plasma column. ;
For the University of Ili:rois DPF, the center E:':.

o

electrode has a diameter d;=5 cm, the outer electrode has an \F
inner diameter dp=10 cm and the lengt> 1s 25 cm. The energy :
is initially stored in four 10 #f o_upacitor banks placed ‘::'“
symmetrically around the electrodec. Tre initial voltage on :.,‘
the capacitors, V5, can be varied hrtwe2sn 20 KV and 30 KV in Eés
W,

.
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order to vary the plasma current. The gas in the fill
’ chamber 1is usually deuterium or hydrogen at 3 torr. The

' pressure, P,, can also be varied from 1.5 torr to 5 torr.

; B. Overview of Interferometry as a Plasma Diagnostic

‘ All interferometers rely on interference to produce

& fringes on a screen (Figure 2). A single electromagnetic
wave is split in two and recombined with a slight angle, 8,

s

[

)

3 between the wave vectors, Kk; and Kk,. The phase fronts
L ]

i interfere constructively and destructively producing light
) and dark areas on the screen Known as fringes. For a
3 rigorous mathematical +{reatment of fringe production see

Reference 5.

o

" The two waves must originate from a single source
¥

: in order to preserve the phase information. It is easily
)

seen from Figure 2 that the fringes will move across the

screen proportionally with a change in phase between the two

¥

waves. The phase shifts can be random, caused by the natural

§ po oy

line broadening of the source, or determined by a change in

optical path length of one wave with respect to the other.

P
R I e

The second case is of interest here. If a material of length

L4

X

L and index of refraction H(y)} is inserted in one arm of the
‘1
) interferometer, the fringes will change position on the
)
? screen according to
s

-

§ = 1 J (K(y)-1]1dy @9
I L
b

e \ AN
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where & is the fringe shift in wavelength units, A is the : ¢
. . 4

source wavelength in a vacuum and y is the line-of-sight path jﬁ?
"‘

of a source ray through the medium (see Appendix I). #%
DL

e

For a highly ionized plasma in which the wave -

-
frequency is much larger than the electron plasma frequency, agf
b '~..‘.
which in turn 1is much larger than electron cyclotron "@
frequency and electron-ion collision frequency, the term in ﬁ“
the integral of Equation (1) can be approximated by ,‘
l'
..|
—fpcy>2 }
plyd-1 = —— 2) LN
2 f ‘.Q..{
l.p 4
‘l:::!
(see Appendix II) where the plasma frequency is given by '&g
s
o2 A ey
= e . ~\ %
fp(y) e naC(y) 3) N
me 0 ‘::.(A ! \
:f\‘y-'
The fringe shift observed on the screen is therefore a direct ;i%
= ’\( .
measure of plasma density. &9&
NS
In this research the critical density for which the %éﬁ
plasma frequency is equal to the source frecquency (UV light, 1‘“
A=337.1nm) is 9.8‘1021cm'3. which represents the theoretical *;*'
upper limit in plasma density at which the laser light is &§
o
reflected. In practice, the upper 1imit is about one-third Gl
~
of this value®. From Equations (1), (2) and (3), the minimum :;
LY
density that can be measured in this experiment is %&
Lot
approximately 1017cm‘3, which corresponds to a few tenths of :‘”
N
a fringe shift. iza‘
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IT. EQUIPMENT

The interferometer gsystem (Figure 3) <c¢can be

- oo

separated into three major components: K

1. a radiating source, "
2. interferometric optics, and R,
2. a detection stage.

A laser 1is the obvious cholce for the radiating source since

y it 1is inherently coherent and its frequency can be much

oM N

greater than the plasma frequency of a dense plasma. The
interferometric optics consist of two beamsplitters (one to

split the light beam and one to recombine 1ii1) and two beam

e o X% iy W

guidance mirrors. A special camera 1s used in the detection
stage to record the fringes on film, and a fast photodiode is
used to determine the timing of the laser output relative to v,

the plasma event.

A. The Nitrogen Laser ;
A molecular nitrogen laser has been selected as the f

source. The wavelength of the most powerful N, 1ine® is

%=337.1 nm, which corresponds to the C3IILI - B3IIg band.

The laser was built at the University of Illinois
and was originally designed to be used in an undergraduate
laborateory as a learning aid. Several modifications were
made to adapt the laser to the interferometer, such as a

larger electrode cross section to procduce a more uniform beam

.!
E and a low Jitter triggering system. v
]
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1. Source Reguirements
The source requirements are:

17 the frequency must be high enough that the
plasma acts as a lossless dielectric,

2) the frequency must be low enough to retain
sensitivity in the interferometer system,

3) the output must have a fair degree of coherence
in order to obtain fringes,

4) the source should emit paraxial rays,

5) the source must have & high intensity output,
and

6) the source should be pulsed in the case of a
dynamic plasma.

The nitrogen laser fulfills all the requirements needed for
its use in this experiment. The first requirement 1is dealt
with in Appendix II.

The second requirement arises from the fact that
the fringe shift 1is inversely proportional to the source
frequency (Equations (1) and (2))J. As the frequency
increases, the fringe shift (for a given plasma density) will
decrease and the sensitivity of the system will be reduced.

The useful density range (see Introduction) 1is
101 7cm™3 < Nng < 102tcm™3

The mawximum density for the University of Illinois DPF has
been estimated3 to be ne%Z‘lolgum_B. Thus, the nitrogen
laser will resolve the plasma density over two orders ofr

magnitude.
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The third requirement, coherence, 1is needed to
ovbtain fringes. In general, the optical path difference
between the two arms of the interferometer (including the
phase shift from the plasma in the "probe" path) must be less
than the coherence length of the source. The coherence
length of a nitrogen laser is only a few‘millimeters. since
the laser operates without a cavity (due to the high gain of
Nz). The short coherence length adds inconvenience to the
adjustment of the path length difference (for further
details, see Section B: The Interferometer).

The fourth requirement, paraxial rays, is needed so
the phase shift is not lost due to finite detector aperture.
The N2 laser operates without a cavity and the beam

divergence 1is relatively large. The divergence can be

approximated by

R

6/2 w/d 4
where w is the cavity width and d is the electrode length.
For the N, laser used in this research, w=1.2 cm, d=91 cm and
826 mrad. A pinhole 1is wused to remove most of the
nonparaxial rays (see Section C: The Detection Stage).

The 1intensity of the source ((fifth requirement)
must be much higher than the intensity 1irradiated by the

pl1sma at that wavelengih. The light from the plasma adds a

background component to the fringe vislibillity, which tends to
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swamp the fringe pattern with light. The output power of the
laser 1is =500 KW (Figure 4) which is much greater than the
expected blackbody radiation of the pinch (= watts).

Finally, the laser must be pulsed since the plasma
produced in a DPF is rather short lived. It is known® from
streak pictures taken of the University of Illinois DPF that
the radial implosion velocity of the pinch at a fill pressure
of 3 torr is =11 cm/Hs. Since the laser pulse is 6 ns at
FWHM (Figure 4), the horizontal resolution of the fringe
profile is =0.7 mm. The resolution is actually much better
because al) the radial velocity represents a maximum® and b)
the fringe smear caused by the plasma movement is averaged

out when the data are read.

85 KW/div
T
1

A L - 1 L 1 L 1

10 ns/dliv

Figure 4. The N, laser output as a function of time
fdetected using a fast silicon photodiode).
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2. Laser Operation

Table 1 1lists the specifications of the nitrogen
laser. Figure S shows a block diagram of the laser’s

electrical system and Figure 6 is of the gas flow system.

The energy storage system for a nitrogen laser must
be able to excite the gas to the C3IIu state in a time much
less than 40 ns, which is the spontaneous lifetime of the
state. To achieve this it 1is common to use a Blumlein
structure, which is a parallel-plate transmission line with
low inductance. As shown in Figure 7a, the total inductance
and capacitance of the discharge system can be modeled in an

LC circuit with a period of
T = 2m(LC)*% (5)

The highest potential across the cavity electrodas is reached
at 1/4 of this period (Figure 7b), at which time the N,
discharge takes ©place. The total capacitance on the
oscillatory side 1is =10 nF. A discharge time of much less
than 40 ns requires a total inductance of L«16 nH.
Therefore, the design of a low 1inductance spark gap 1is
crucial since this 1is probably the largest source of
inductance in the discharge system. A field distortion gap
with a "ring'" trigger was designed to fire the laser. The
zize of the gap as well as the electrode spacing were kKept to

a minimum. The gap Lz typlcally pressurized with air to

~30 lb.
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Table 1. Nitrogen Laser Specifications

Population Inversion Method:

E/P:
Energy/Pulse:
FWHM:

Energy Storage:

Efficiency:
Gas Fill System:

Trigger Type:

Cavity Type:
Flectrode Separation:

Electrode Length:

Cavity Length:

Electron collisions by
transverse electiric
amplification (TEA)

210 V/cm-torr

X

3.0 mJ
=~ b nS

Double Blumlein
( 4.1J @ VO=20 KV)

0.07%
Static fill

Field distortion spark gap
with ring trigger

Superradiant
1.2 cm
91 cm

100 cm
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It is also critical that the litter of the lacser
pulse with respect to the pinch time be Kept minimal. This
was accomplished with the aid of a thyratron pulse unit used
to trigger the spark gap. As seen in Figure 5, the thyratron
and the Blumlein are charged with the same power supply.
However, the thyratron releases a -20 KV pulse to the +20 kV
charged spark gap helping to reduce Jitter since the
breakdown occurs from the trigger ring to both main
electrodes simultaneously. It was experimentally determined
that a small inductance of =13 HH 1is needed between the
thyratron pulser and the gap'’s trigger ring to reduce the

amount of energy flow to the thyratron when triggered.

B. The Mach-Zehnder Interferometer

The Mach-Zehnder interferometer consists of a
source beamsplitter (BS.), two beam guidance mirrors (M, and
My) and a beam recombination beamsplitter (BSZ) shown 1in
detail in Figure 8 (setup for DPF density measurements). All
these components are oriented at 45° angles to the 1initial
source beam with adjustment provisions made through gimbal
mounts <(GM). Adjustment for the equality of the two beam
paths is provided by a transtational stag:z attached to mirror
Mo This also eliminates the need for a phase shift
compensator in the reference path (to account for the phase
change due to the windows i the probe path). All gimbal

mounts and their regpective optics are attached to the DPF

P
.-

o

9 0%9 874 &%t
.’.:."

I
ol .\- y

S

SO |

~ Y A
e e B
. NN e’ Con? N
Ny i - e T

PP
IS
P

\'-\'_\.



\

"'..'v' "‘ X

$200 49000 49t d v

N O

e

¥ Pat gt

'I'Q\gn'i'a"r a"'.'.-

.

S

NS e

18

. wpt 7 N R AL

e T T o ‘

RPOAIIR ] J2IN0 AYY ST A0

pue 2poIlda[e J2jUusd 2y} 51 'd) cJdagqueys 113
sed Jd4d 94l 01 sO131do I1312W0Is3a83ul 8yl 10}
juawaduedae Juriunow 2t} JOo JllvwWalds pa[ielad

%

1 < t ]
W9 WO t 3
., HIGWVHD
T11Id SY9 4dd
31ddvd 37144vd
]
Tsg 3 no )
— | ‘30 1
* ) —lll‘_
]
n ! n
[ T
aon 4o
} L
L __ | ]
__ | “ __
e

MOANIM MOCNIM

&.ﬁﬁlft" o Hh. 2 AL, OlﬂﬁirTOUOO < Ps A ich s (2 “.M.ltnlmﬂv“s P

‘3

P\\

..auaunA 548

211314

<sg 3 WO

<H 8 WO

J9VILS
TVNOILVIISHNVYL

Mﬂbml;h&%ﬂxw

g QU R\

-G
Py s ®

‘...ﬁv

-“.f . v

SN N N

-y .
I, »
A, L2y

""" ." .

"
"\.-l-'

Callu Tp € AN W
i .l¢~. A"Q&u‘n.‘q ' o

v

SO



vacuum chamber with flanges designed to reduce room vibra-
tions that may be present.

Each optical component that the beam traverses must
be flat to much less than a wavelength of the source in order
to exhibit a straight, flat wvacuum fringe pattern. Since
each wave traverses different optical components, the
flatness prevents different phase distortions in each path.

The substrate for all optics 13 synthetic fused
silica. This material has exceptional UV transmission
properties (=90% at A=337 nm) and is very resistant +to
radiation darkening from UV, x-rays, and neutronslo, all of
which are produced in a dense plasma focus. Three tier
baffles have been placed in the DPF adjacent the fill chamber
windows (Figure 8) to further reduce darkening of the windows
from electrode metal vapor deposits. The deposits could
destroy the flatness of the windows. Each baffle, as well as
most other nonoptical components to the interferometer
system, have been blackened to reduce reflections for safety
purposes and to reduce other possible distortions in the
fringe pattern induced by reflections.

It has been mentioned that the difference in path
lengths between the reference wave and the the probe wave
chould be minimized (to much less than the coherenc~ length
of the source) in order to obtain highly vicible fringes.

This iz =cpecially true since the nitrogen laser does net uce

)

a resconating cavity. In such a case. the bandwidth ot the
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wave imposes a limit on how rapidly the phase can vary, and

7 .

this can be related to the coherence length by5

AE

lc = c/AV (6l

\Y
222

where ay is the bandwidth and ¢ is the speed of light. For

>
8y

®

the nitrecgen laser, the coherence length is on the order of a

L4

'

few millimeters. However, the contrast of the fringes varies

i

strongly over this length. The variations can best be

described in terms of the visibility function5, V, defined as L)

Iaw = I
max m

vV = ik 7
Imax + Imin

where I.,.. and I i, are the constructive and destructive wave
intensities, respectively. It is a function of the optical
path difference, T, bandwidth of the source, Ay, and
intensities of the two waves.

The visibility function for the system used in this
thesis peaks at r=0 and rapidly approaches zero. The loss of

visibility in the fringe pattern as 7 increases or decreases

1z cauced by one wave becoming more random in phase with - i
s
. ; - L
respect tc the other because of line broadening of the Aty
)
. . e Ay
source. Threugh ewperimentation, the path difference must be 23n
e
less than =20 Mm in order to obtain high contrast tfringes ®
Sy
(Figure 9). The procedure used to align the interferometer ?{‘
IO,
Ay
bt
.
A
ey
:.-:‘.'"
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within this limit is discussed in Appendix III.

The wvisibility function 1g greatest when the 1two
wave intensities are equal. Since the beamsplitters used for
this experiment are very nearly 50/50, the intensities are
equal up to the point of recombination. However, due to the
antireflection coating on the back of BS,, more than 60% of
the reference beam gets transmitted to the detector whereas
only 50% of the probe beam reaches it. The problem is easily
solved by placing an 80% transmission neutral density filter
in the reference path. The filter, also manufactured from
synthetic fused silica, has an index of refraction different
from the surrounding air, which affects the path length

difference and must be taken into account.

-1y

igure 9. Vacuum interferogram showing highly vicibie
fringes from a well adjusted interferometer.
The nonparallelism between the top and
bottom fringes ig caused by zKew paths.
The problem adds only minimal distortions
to horizontal measurements.
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C. The Detection Stage
Two detectors are needed for this interferometer

system: one for timing purposes and the other to record the

fringe pattern. The timing detector was built around a fast

silicon photodiode (used to obtain the trace in Figure 4).
The fringe recorder is Polaroid film which the light reaches
after passing through a series of optics needed to correct

distortions and add magnification to the fringe profile.

1. The Timing Detector

The timing detector consists of a fast silicon
photodiode (1 ns risetime) in the circuit of Figure 10. The
peak of the laser pulse from the diode indicates the timzs at
which the fringe photograph is taken relative to the plasma
pinch event. Because of the high sensitivity of the diode
(1 A/W at A=337 nm), several neutral density filters were
needed to attenuate the laser light. A bandpass filter
(A=337%6 nm) at the diode input isolates the laser light from

noise produced by both room and plasma light.

2. The Fringe Detector
The fringe detector (Figure 11) consists of three
parts:

a) a multipurpose lens and spatial low-pass
filter (pinhole).

b) neutral density and bandpass filters, and

; c) photographic film.
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a. The Lens and Pinhole

The most important purpose of the lens 1is to
prevent distortion of the fringe image from laser beam
refraction created through density variations of the plasma
pinch. Using the ray matrix method!l, the input and ocutput
parameters of a general optical system are related by the

ABCD matrix,

R A B| |Rip
= . , (8)

R'out ¢ D R’in

out

where R 1is the radial distance from the optical axis and R’
is the slope of that ray. For an optical system consisting
of a length of free space (dy), a lens of focal length f
Cusing thin lens approximations) and another segment of free

space (dy), the matrix becomes

- - . <))
Rl | -1/f 1-dy/f| [R7y
By letting

where d; is the distance from the center of the plasma pinch
to the lens and d, 1is the distance from the lens to the film
rlane, the radial function of the image on the film does not
depend on the slopes of the rays as they leave the vplasma.

In effect, the plane of the film is moved to a distance B
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from the plasma pinch. When B=0, the system 15 in focus.

; Th

7]

second purpose for the lens 1is to magnify the
fringe 1image on the film for better readability. The

magnification factor is (for B=0)

XA

M = RZ/Rl = 1‘d2/f- (11

By choosing a particular magnification factor and focal

4

length, the distances dy and d2 are determined.

E, e g

The third purpose of the lens is to focus the near-

3

paraxial beam through a sufficiently small pinhole. The term
) near-paraxial 1is used in reference to the refraction of the
laser light through the plasma rather than from the natural
beam divergence which can be assumed to equal =zero from
3 Equation (10). Since Eguation (10> can equal =zero for one
X image plane distance only (do=distance from the lens to the
film plane), a particular ray'’s parameters at the pinhole

will depend on its angle of departure from the plasma. This

R L ey

applies to any nonparaxial ray whether it be from the plasma
generated light or the laser beam. From Equation (9), it can
i be seen that a pinhole distance equal to the lens focal
D length will force the A term to zero. Thus, the nonparaxial

rays (R’;#0), most of which are from the plasma light, are
! blocred by the pinhole.

5 in order to predict the pinhole size needed to let

the refractec laser ray:s through but still block most of the

, plasma light. dr 1in Equation (9) 1is defined to be the 4

e R A A D R Y D A A A
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distance from the lens to the pinhole and the maximum R, 1is
calculated. For a plasma that is cylindrically symmetric in

its density profile, Ry and R’y can be relatedl? by

x©
8(b) = n—ZJ r 2 2-r"2.p72y(ry17% dar (12)

To

where
R’y = tan 8(b)
R1 =~ b = impact parameter of the given ray
8(b) = ray’'s angle of departure from plasma
V(r) = [£,(r)/fyayel?
and rg is the ray’'s distance of closest approach to the

plasma center <(calculated by setting the expression in
brackets in Equation (12) equal to zero). Shmoys12 presents

a parabolic distribution for V(rJ:

Vir)

Voll-Cr/ad?), r<a
(13>
vir) = O, r>a .

The resulting analytical solution for 8(b) is

Vo [(b/a)?-(b/ar41*
8(b) = sin”! _ - (14)
(Vo(bra)Z+(1-v, /212"

For a peak density of n, = 2°10%%m™3, vy ~ 0.002. Also,
from streak photographs of a typical pinch produced by the
University of Illinois DPF. the '"a" parameter 1in Equation

(13) is estimated to be approximately 1.5 mm. Using these
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values in Equation (14) and then in Equation (9), a pinhole !i’
size of 2 mm diameter 1is ectimated. However, the 2 mm : :,
\J
pinhcle also blocks much of the diverging light from the ; 4&
laser light. This 1in turn reduces the picture area of the L
rinch so a pinhole of 3 mm diameter was selected to increase :ia
the picture size with little effect on fringe visibility. :é
Since a simple, sgingle lens system 1s used, it is '
important to reduce as many lens aberrations as possible by .i
lens shape. Due to the nature of the laser 1light, only ég
moncchromatic aberrations are important. Those most affected 2?
by lens shape are spherical aberration and coma. The former ig
type is the failure of rays from a point object on the .H
optical axis to converge to a point image. They actually r
converge to a small circle at the image plane which indicates ;‘
the finest detail that the lens can resolve. Coma is a 4§
similar effect but for off-axis rays which converge to a %i
B
comet-shaped configuration. For the case of paraxial rays La
merging to the focal point of the lens, these aberrations can .ﬁ
be minimized by choosing a plano-convex lens with the convex h
side toward the paraxial light ray sourcel3. é§
e

The shape and index of refraction ¢of a lens affect i;

the focal spot size through a function K(p) where K is the ;“
index of refractiorn for a given wavelength of light. From &E
third-order, thin-lens aberration theory and from the )E%
Fraunhofer diffraction limit for a wuniformly illuminatecd i'
-
square aperture of side dimension a, the spot size diameter  !
c'::
3
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can be approximated by
s & 2f(K(p)/2 (D/£)3 + A/al (15)

where D 1s the larger dimension and a is the smaller

dimension of the beam at the lens. For a plano-convex lenslo

Kepy = LB2=2p42/p]
(32(p-1>21 . (16)

From Equation (15) the optimum lens f-number (f/D) can be

found for which the spot size is minimized:

C£/DD = [3fK(p)/2a1%, C(17)

opt

For D = 30 mm, X = 337.1 nm and B = 1.47977 (optical quality
synthetic fused silica), we have a focal length f=616 mm and
a spot size 5=22 Mm Due to the smaller cost of standard
items, a lens of f = 500 mm and diameter of 50 mm was chosen.
As with the other optics in the system, high quality in
manufacturing is needed to reduce irregular aberrations such
as scratches, digs, surface contamination and inhomoge-
neities.

For this particular interferometer, a magnification
factor of M=2 was chosen due to physical constraints.
Therefore, from Equations (10) and (11), the distance from
the plasma pinch to the lens must be 750 mm, the distance
from the lens to the pinhole must be 500 mm, and the dictance

from the lens to the film must be 1500 mm. The actual

to
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magnification factor is M=2.2 both horizontallvy and ™Y
vertically (Figure 12). The extra 0.2 in M is within the lens hy

focal length tolerance (%5%). &'

LA LA
M"I

Figure 12. Vacuum interferogram with the image of a
washer placed at the center electrode used
to check focus and hor./vert. magnification
(MH’V:Z.Z).
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b. Filters
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The second component in the fringe detection stage

o 4
5

A

-

is the optical filter system. A combination of neutral

density fllters, each of a different transmittance, was used

X 'Y‘

]
-

to experimentally match the laser light intensity to the film

;—‘:Q/l(l‘- -

sensitivity 1n order to obtain the highest visibility of the

fringe pattern. Also a 337.1 nm bandpass filter of bandwidth

Lo I ‘.
wn'c

*6 nm is placed before the film to reduce plasma and room

S 1 Ty
Il’{‘d

L
4 5
-3

light. This filter should be placed as close to the fillm as

o

possible in order to preserve the phase information within
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At
the beam. No such problems occurred with the particular f“:\‘
ety
neutral density filters used. These filters were placed near ey
shy
M
the pinhole. A dark canopy was placed over the detector from s?c:":j
L
the vpinhole to the camera back covering the intermediate - .
filter system to prevent room light exposure. ".‘,.J'
N U
c"é‘fo
c. Film WY
Originally, the film chosen to record the fringe ,:‘.n":;:‘,
l'ql.
DN
pattern was Polarold type 6G5-negative pack film. Pack film v",‘:.:‘.:‘.*
UK
$.4
was selected to assist in faster DPF data taking and for .,'s':?:’
. i
general convenience. Type 665 was selected because of the iy
';:Cé:t
slow speed and therefore smaller sensitivity to backzround .:::
O]
. ...‘
room light. Also, the photograph negatives have much higher ".':
. J
resolution than their associated positives (170 line pairs/mm A
Amh
as compared to 17 line pairs/mm for its positive :..,’:'.::
|.|":,|
counterpart). A problem with the negatives 1is that they "’
darken even in dim room lighting, which hampers the fringe 'l"'j
oAl
readability. Also, the film is relatively expensive and hard rg?_‘ \
AT .(
to obtain. Because of these reasons, Polaroid type T
]
667-positive pack film was used. This film is comparable to "
N
the ©€65-positive in resolution but 1is =40 times faster. 5’,\:
I Vigaly
St
Neutral dencsity filters with lower transmittance were used to ,Q':m.
®
attenuate the beam. )::
Rt
‘t.“{{:\':
D. The Complete Interferometer System s
AL
The complete 1interferometer system is shown in .
LYY '\
: T
Figure 13. For ease in construction, the laser, :
[} ’Q:
: c‘::
‘
\
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interferometer optics and detectors are not physically
connected. The laser and fringe detector rests on a brick
wall with a 174 inch rubber mat insulating the components
from possible floor vibrations (such as from mechanical
pumps) preventing the need for an expensive optics table.
The large mass of the wall aiso protects the laser and fringe
detector from most air vibrations that could disrupt critical

alignment of the system.

33

=

A

|

e
D

e

%531

: W
e

“x




NaS W Nk Gab 3 W Nl vl Wl Nid Ve oal €Y Y . X TR “dalh ¢t X
. 5 ¢ Yol e X (X RN RTRY <« ; o) k").’fx'(QTVJ(KK‘(J'\X.'!E‘K‘“.W.TK“WVLT&WWMK’U

¥
]
'y
%
i
" .
b 54
h
A
“ ITI. DATA ANALYSIS
¥
]
k)
» . .. ) )
: Once the fringe profile of the plasma is obtained,
]
N ~ ' .
+he dencsity can be found through Equations (1), (2) and (3).
]
.: Svypmmenry conditicons are assumed to simplify the analysis.
i: The raw data are numerically transformed into a density
b
creorile.
[
;' Analv*ticzal examples are ziven as a test of the
5
b
] . .
X sottware and for numerical! error analysis.
X
A Lina Density
‘ X » . . . - . .
I Line density is the number of particles per unit
h
) . s . - :
lengtn. Thie parameter is useful for the study of particle
X conservation anca axial movement in a dynamic plasma.
¢ The optical phasgse ghift of a ray traversing a chord
.
"y . s o .
) throughh a plasma (with respect to vacuum) is given by
1
: dx |
) §Cddw = — {p(x,y>-11 dy (18)
4.
j
n where &(x) 1ig 1n wavelength units. This 15 the same as
L]
. “auation (1) (the o dependence is included here). Through
. the wuse 2f Egquations (2) and (3), Eguation (18 can be
ol reorganized *o yield
T
;1 7
] . . . .
& ne(x,y)dy = -;lnCS(A) (19
; Ty
"

&'V'v
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where n. is the critical density where the plasma frequency "
P
is equal to the wave frequency. The integration of both ﬁ}

sides over the x-axis will directly give the number of Nl
Wty
particles per unit length along the z-axis of the plasma. o

uw Y
Therefore, the line density (n)) can easily be calculated %ﬁ@
DU

from the fringe shift data by using X

X
= 2x §(x) d i
nl = ‘nC X X
_\c i

B. The Plasma Density (Assuming Axial Symmetry> ?

Given the geometry of the DPF, a cylindrically dg
symmetiric plasma 1is assumed (r2=x2+y2). For a ray of width wzw
dx traversing a plasma slice of height dz with an impact ‘Wﬁv

parameter, x=b (Figure 14), Equation (19) becomes X

1 R (rd ?ﬁ
§(x) = - -2J’ n r dr (21) s
v .JrZ—xZ

X

where R i3 the outer boundary of the plasma (density 1is e
negligible for all rzR). Equation (21) is a form of the Abel c¢

integral and can be inverted to yield "))

ne(r) =

- )
ax Jwe-r? (=) e

, R bk
2hng J ds (%) dx ‘-"E-'x'
- .

r
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§(x)

FRINGE PATTERN »

'f‘
>
~

DIRECTION
OF
LASER BEAM

|

{

f

I

!

!

l A0
| PLASMA DENSITY :':‘
| (ng(r)] :
i

|

!

|

|
|

Figure 14. Relationship between fringe pattern

@
and top profile of cylindrically >

Y t
symmelric plasma used for numerical o
analysis. R=aN; N=z20.
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This is the form which is needed to obtain the radial density )

profile of the plasma from the fringe shift data on the film. W

C. Numerical Analysis o

In general, numerical differentiation is much lecss tint
accurate *“han numerical integrationl4. The data from the
fringe pattern are read 1in tabular form. As seen from ﬁﬁf
Equation (22), the data must be differentiated and any noise "t
would be greatly amplified, especially at large gradients in 0

the phase shift curve. talgt

William L. Barrl® introduced a method to numeri- By
cally solve equations similar to Eguation ((22). In his X
method. the order of differentiation and integration 1is -ﬂh
reversed, and a least-squares smoothing technique is applied ﬁfq\
before the final differentiation. The only assumptions used
in his method are that the curve to be inverted |is ik
axisymmetric and that its slope on axis is zero. he

The accuracy of Barr'’s method depends on the number .i;
of data points used. The use of twenty data points results Ty
in good accuracy for Gaussian and polynomial distributionsl®. A
Such profiles have been observed in other plasma pinch
experimentsl7'18'19.

Barr divides the w-axis into equal increments 4,

.
7
Py

such that
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where n and K are integers between 0 and N, inclusively. The .
data, however, are most easily read in equal increments of )
§(x). In order to obtain the required 6(xp,’, 2 third-degree o

(

Lagrangian interpolating polynomial14 is used where

(xn~x1)(xn*x2)(xn—x3)

(a3

]

8 ()

(XO'X1)(XO'X2)(XO'X3)

(Xp=%X0) (Xp~Xp) (X,-X3) S

+

§(xq)
1 - o, —= -
(XI_AO)(AI xz)(xl “3) o

(24) O

s, 70 ki) Gty ’5)

% Ve
2 (Zp=-%X) (Xp-X1) (Xp-X3) ’\’

+

(xn-xo)(xn—xl)(Xn—XZ)

+

§(x%3)
37 Ttz3-%0) (X3-%1) (X3-%5)

Figure 15 demonstrates the method with a Gaussian distri- E¢

bution. A Gaussian was selected since a single polynomial

cannot exactly fit 1it. The interpolation error (excluding K'?
roundoff errorl is within 0.2% of the peak in the curve. $§f

For a near symmetric §(x,) distribution, the points %g“
on either side of the pinch are averaged in order to obtain ﬁgﬁ
the required zero slope at Xn=0. If the data are not sym- Y??:

metrical, the density on either side of the pinch axis can be
separately predicted by mirror imaging the data points of one
side over to the other side of 3,=0. If the data are csym-
metric but off the chosen pinch axis (such is the case for a

m=1 Kink instability), the axis of symmetry is taken as x=0

. A Ca y . » W, ; M I T P A Py W L W - o
e’.’c 0003 ‘1' MY ...l.'.\o.!‘l. .‘n.'n'.!h'. ) o ..1 bt 4 \‘\"' e th,! (N vy ""-\ .
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(b) o
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Figure 15. (a) Diagram showing the transrformation

of the fringe shift data to egqual increments
in . (b) Input data to the Lagrangian

interpolating polynomial of equal increments
in §(x).
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for the analvesis.
Unce the 6§(x,) values are determined, Barr’s method
of inverting the data will smooth any round-off errors. The

final form of Equation (22) then becomes

ZQ\nC N
() = z "8 (x,), K> 2
Net 7k A epes Brn n
(25)
22*.nC N
(x,) = L 5(x,.), =
Ne (X —y . Bupn 6(xy) K 2

where By, are constants that include the entire integration,
; least-squares fitting, and the final differentiation process

of the 6(xn) curve. The Bkn values are listed in Table 2.

D. Analytical Examples and Numerical Error Analysis

The equations from the last section are included in
a computer program. The software was written to accept the
raw data read from the photographs as input. The phase and
density profiles are calculated and graphically displaved.

The input data are expected to be between &§(-x)=0
and £(x=0 with the axis of the pinch at x=0. Although these
endpoints are not wused in Barr’s method of inversion., they
are included in the Lagrangian interpolating polynomials for

better accuracy of 6(x) near the endpoints. The data are

interpolated to obtain 20 equidistant points on each side of

the axis where the separation is given by Aa=xmax/21 where
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wmax is the larger absolute x value from 6(-x) and &8(x).
This is a prerequisite of using Barr’s method of inversion
(here, R=20a). The interpoclated data on either side of the
phase profile axis (x=0) are then averaged in order to obtain
the cylindrically symmetric profile in r which is }equired
for Abel inversion. After the inversion is performed, the
density magnitude at each point rp=Ka (0=k=20) is acquired.

To obtain a more uniform display of the density
graphics, the inverted data are again interpolated, using
third-degree Lagrangian polynomials to fill in the spaces
between ry. The program is siraightforward and is not listed
here.

To test the above method, two representative func-
tions are assumed, and their analytical solutions are
compared to the program results. The first function 1is a

Gaussian phase profile:

S(x) = e~¥2/a? | (26)

A Gaussian profile is a good test since a low-order poly-
nomial cannot exactly fit 1t and because it 1is sharply
peaked. The analytical solution for the Abel inversion of

Equation (26) (as R approaches «) is

1 _
ACr) = — e"Ti/73% (27)
JTa

s
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Although the numerical method can not approach this limit
(§¢(r>=0 for r>R), the error is negligible for large enough
values of R. The numerical and analytical inversions of
FEquation (26) are compared in Figure 16 for a=¥. The maximum
error is within 2% of the peak value of which 1% 1s from the
round-off to 2 decimal places.

The second test function is a third-order poly-

2

nomial in x*=. This curve represents a hollow density pro-

file. The function can be written, in general, as

§(x) = atbxl-cx¥+ax® . (28)

The solution for the analytical inversion is

-2
ACr) = NRZ-TZ [€24d)T3+(12dR2-20c)r2+(9dR4-10cR2+15b) ]
15n

29

The constants in Equation (28) are chosen such that the
magnitude and slope of &§(x) at x=1 are equal to zero. This
makes the obvious choice for R=1. For a=1l, b=2, c=7 and d=4,
Equation (29) becomes

-8

ACr) = J1-r< (24r%-23r2-1) . (30)

15

In Figure 17, the numerical method is compared to Ej. (30)
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ABEL INVERSION FOR &§(x)=e” 4%’
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1.00 0.0
(b)

Filgure 16. (a) Comparison between the numerical and
the analytical Abel inversions for a
Gaussian profile (max. error = 2%).
(b) Program input data, incremental
in 8¢,
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Figure 17. (a) comparison between the numerical and xwf
the analytical Abel inversions for a e
third order polynomial in x? (max. error o

= 4%). (b)) Program input data, incremental )
in 6(x). "o
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The large error in the numerical curQe near r=1 is caused by
the sharp curvature and low values in 6(x) in this region.
However, the curve generated numerlically 1is meaningless
beyond r=0.95 since A(r) does not go to zero at r=1.0. The
corresponding points are not used in the experimental data
inversions. The maximum error generated through the
numerical inversion is therefore within 4% of the maximum

value in the region of interest.
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The plasma formed by the dense plasma focus 1is *g

‘.“J.

short lived (typically < 100 ns). The jitter of the laser

i
trigger must be minimized in order to accurately determine fﬁ
the timing of the interferogram exposure with respect to the %g

|
LA

dynamic plasma. The last section in this chapter is on error o
o
margins for the measured densities. f$§
ot

G:(;
A. Timing ate
The jitter time of the pulse used to trigger the g}

§
o
scillescope, and therefore the laser (see Filgure 35 1in .Qé
s
Chapter I1I), is critical since the plasma changes rapidly &%
with time. The bes: start pulse signal seems to be given by gﬁ
»
the voltage induced in a small magnetic probe placed between :A
W
the inner and outer electrodes (also used to determine the WO

pinch current). The trigger system then bypasses any Jjitter
created during the initial breakdown of the gas along the
base 1insulator of the DPF but 1is also early enough to
accommodate for electronic equipment delay. S

A pgood timing reference can be obtained by %f
comparing the time of the laser output to that of the soft gkt
w-ray signal from the plasma. The soft x-rays peak at
maximum plasma densities3 (maximum plasma compressions). A T ey
recent comparison of x-ray peaks witih laser pulses confirms 5

the timing reported in ti.e data section. by

-----
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o Resultlc
The dynamic behavior of the plasma in the DPF can
he separated into three stages (Figure 18):

L. Yirst compression.

ro

radial expansion and

3. second compression (plasma breakup).

The first compression lasts for aporowimatly 1% ne in the

University of Illinois dense plasma focus at the end of which

v

dense plasma column is formed. The column then bounces
radially outward (radial expansion phase). This phase can
last for =20 ns. Finally, a second crmpression of the plasma
occurs 1in which the pinch column breaks up. The ©plasma
breakup, typically caused frc:i ..=0 (sausage) instabilities,
lasts typically less than 25 ns.

Included in this section are representative
interferograms and their respective density profiles as a
function of r and z (radial and axial dimensions) for the
three pinch phases <(although from different chots). The

initial fill gas for all data is deuterium and the input

energy iz 12.5 kJ. The error is within 10% of the maximum
denzity for each prorile along the Z-axis (see Section C. of

Chapter IV

[

The Fircst Jompression

The collapse phase is recognized by
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1st COMPRESSION RADIAL EXPANSION

2rid COMPRESSION
(PINCH BREAKUP)

igure 18. Phase shift data nf (a) the first compression stage
of the pinch cycle: P=3.5 torr (H,), V,=26 KV,
(b) the radial expansion phase: P=3.2 torr (D),
V=25 KV and (c) the second compression from which
*he plasma is breaking up due to m=0 instabilities:
F=3.5 torr (H4,), VO:26 kV. The flat at the bottom
of the fringes is the center electrode. It is noted
nere that sometimes the tfringes appear inverted.
This iz due 10 the sign of the angle between the

eference and probe waves uzon recombination and

¢ not a problem tor analysis. The magnification

sr all interferograms iz 2.2 unless otherwise
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characteristic shape and smooth edges of the fringe profiles 3
|

\

as shown in Figures 19-21. Although these edges are produced '::
by the current sheath surrounding the plasma, no evidence of ::ﬁ
dangerous instabilities 1s present. Figures 19 and 20 are of &
. . oy

the early collapse phase. Figure 192 1is earlier than Figure 3
D

(3

20 as noted from the larger radius, lower density and hollow :::
LX

profite. The plasma in Figure 19 seems to be, for the most ,
¢

(]

part, from the current sheath, although some new plasma seems :t
()

.‘;

to be forming at the sheath fronrt. .::'
S §

The density profile of Figure 20 suggests that

Y

é<

pinching of the plasma has begun. The peak density is more .;:
o)

§

than a factor of three greater than that of Figure 19. Also, ,jc
) »

the density profile is no longer hollow. The flat portion of M
o

¢

the profiles is closed to that of the uncompressed plasma of ‘t
o

. . . . . (N

Figure 19 suggesting this portion of the plasma is still :5*
colla- , Both figures are from a fill ©pressure of A
t

-~ " v
3.2 ¢ My
Y

Flgure 21 shows i1the end of the first compression "_

wnen the density 1s maximum and the radius i1s minimum. The vy
Sl

s . . "X
mininum radius occurs between 2 mm and 5 mm from the hollow !
K.

center 2lectrcde (3.9 mnm on the average) and iz :
characteriztically =i mm (FWHM) as »reviously observed with
)

1 streak ﬂhotoaraphsil of the visible light. The cshape of the ,
f:

. : . . . »,
profile at ==1.87 mm in Figure 21 and the high density ")
PR l(:),q _3' - . .3 v,
(=10*“cm suggest that th: wlasma is at maximuia .',‘
€

. N
compression. :‘,t
U
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(a) Interferogram and (b) electron plasma

density of the current sheath entering the
first compression phase: P=3.2 torr (D-),

Vo=25 KV. -
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Figure 20. ta) Interferogram and (b) elactron oo !
profile of the plasma enterin: tiv- o »

compression phase where the pilaom.: o Y

starting to pinch: P=3.2 torr o i.- -, W
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et
.~ PLASMA DENSIT e
(SCALE: 1.0=1.1-1019%M"3)

b

Figure 21. (a) Interferogram and (b) electron density

profile of the pinch at maximum compression:
P=3.9 torr (Djy), V, =25 KV.
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Due to the lack of x-ray timing for the
interferogram in Figure 22, and since this plasma
configuration has not been observed since, 1t 1s not clear
what stage the pinch was in. The high density (>101%m~3)
and small minimum radius (<1 mm at z=2.82 mm> suggest that
the pinch is near maximum compression. '

Disturbances, similar to the one at the outer left
side in Figure 22, typically occur in pinches before maximum
compression (froﬁx more resent x-ray timed 1interferograms).
Disturbances are also evident at the right side of the
interferogram of Figure 21. These disturbances do not occur
at the minimum radius of the pinch as would be expected
according to the Kruskal-Schwarzschild Theory23. Such
occurrences have been reported in other DPF/N, interferometry
experiments”'ls'19 but not much has been said about them
because they disappear during the plasma expansion. The
disturbances seem to be weak instabilities of long
wavelength, since it has been reported18 that they only
appear 1in longer plasma columns. From analysis of the
fringes in these disturbances (not included here), the
density in the region is typically of low magnitude (=15% of
Na_max in Flgure 22).

The average line density over several (first
compression data is x7.8'1017/cm at the tip of the center
electrode and *1.4'1018/cm at 1 cm above the center electrode

indicating mass flow along the axlis.
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(b)

Figure 22. {a) Interferogram chowling a digturbance at
the outer left side and (b) electron density

profile of the plasma thought to be near )
mayimum compression: P=3.2 torr (DZ)'
V.,=25 KV. »
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2. The Radial Expansion

The profile of Figure 23 at =z=1.41 mm (minimum
radius) shows a wave of plasma starting its radial expansion
phase (the "hump" in the profile resembles the profiles in
the expansion phase of Figure 24). The expansion appears to

be occurring before the maximum compression at larger =z

(zippering). Similar pinch profiles have been used in thé
modeling of pinch dynamicszz.

Figure'24 shows the plasma at maximum expansion.
The radius of the plasma at this stage is typically three
times the minimum radius of the first compression and the
density profile is hollow. Also, the plasma configuration 1is

generally cylindrical as compared to the curved nature of the

first compression stage. The edges of the fringe pattern J
tend to wiggle rapidly along the z-direction indicating short gﬁf
wavelength instabilities in their initial stagel. ?g
]

Increasing densities along the pinch axis in the a&

profiles of Figure 24 also suggest axial mass flow away from ¢‘¥
the center electrode. The fill pressures for the expansion }@?
data are as given in the figure captions. %&
:':3:
3. The Second Compression (Plasma Breakup) Lq*
The fringe data for this stage are generally not §§
gymmetrical and cannot be inverted to get the density &:3
profiles. Thus, only the interferograms are shown. However, :P'
the peak densities can be estimated by wusing celected :‘:':':;
e
g:::‘::'i‘
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. (a) Interferogram and (b’ -lectron density
profile of the plasma ent ring the radlal
expansion phase: P=4.4 torr (Dp), VO:26 KV.
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Figure 24. (a) Interferogram and (b) electron density X
profile of the plasma at maximum exvansion: .
P=3.2 torr (D»), V4=25 kV. ey
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fringes.

The instabilities of Figure 25 seem to have grown
to the dangerous stage Just before pinch breakup occurs. The
wavelengths of the instabilities are longer than the rapid

wiggles of Flgure 24.

Figure 25. Interferogram of the plinch at the start

of the second compression. The m=0
instabilities responsible for the plasma
destruction are forming at the edges of
the fringes.

Figure 26 consists of four fringe patterns of the plasma well

into the breakup phase. These photos and others not

reproduced in this thesis reveal that m=0 instabilities are

almost always responsible for the plasma destruction,

although m=1 (kink) instabilities have been observed. From

the 1interferograms, the wavelength o! the most rapidly

Io)

<

growing instabilitlies was measured and varies from mm to

4 mm.
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caj), (b)), (¢) and (d) are four inter-
ferograms showing the m=0 instabilities that
break up the plasma during the second
compression. Pg=3.2 torr and V, =25 KV for
f3) through (d).
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The densities in the constricted regions of the
instabilities approach 2 101%m™ 3. The density 1in the
"blobs" 1s around 4‘1018cm‘3, and the line density 1=
n1%1017/cm. which is an order of magnitude larger than in the
constricted regions. The wuse of line densities also
dembnstrates that particle conservation 1is not preserved
along the pinch axis Detween stages. It is believed that the
particle loss is mostly out the ends of the pinch because of
the z-component of the kKinetic pressure (away from rp;,) and

lack of confinement in this direction.

C. Error Margins

The largest error incorporated into the density
profiles comes from the reading of the fringe patterns. The
data were read in 1/2-fringe increments as a function of x
using a vernier <caliper of 0.1 mm resolution. By

progressively shifting the originel data for several profiles

from x=0*0 mm to %=R*¥0.1 mm in a linear fashion, a typical

error margin is calculated to be less than 3% of n

e-max’
The method was chosen since a particular point of the density é%g
profile depends only on the larger radiuz points in the 'b§£
fringe profile when the data are Abel inverted. With the I I
addition of the numerical error calculated in Chapter III, it ;‘?
can be argued that the measured densities are well within y,ﬁ
*10% of ng_pgy.- From Figures 16 and 17 o. Chapter III, it is ::
seen that the measurcd densities underestimate the real :fg
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values at the peaks and overestimate the real values near the
edges. The error in the line density calculations can be
assumed to be within %£5% of the real values. This is because
the Abel inversion was not needed in their determination, and
the same polynomials used to interpolate the data were also

used to integrate them.
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V. SUMMARY AND CONCLUSIONS

The purpose of this work was to measure the
electron density of a dense plasma focus with the use of
laser interferometry. A nitrogen laser was used as the probe
beam, since it fulfilled all of the requirements imposed by
the high density and short duration of the plasma. The rest
of the equipment needed for this research has been discussed
in detail. Also discussed were the numerical methods and
assumptions used to obtain the density profiles as a functlon
of the radial and axial dimensions.

| The electron density in the University of Illinois
plasma focus 1s on the order of lolgcm"3 at maximum
compression. By observing the different phases in the plasma
event leading to and following the maximum compression, the
dynamics of the pinch is better understood. The radius of
the pinch at maximum compression is %1 mm and then expands to
a cylindrical shape with radius =~3 mm before plasma breakup
when the current stops flowing. The breakup is almost always
caused by m=0 instabilities although m=1 instabillties have
been observed.

The Mach-Zehnder interferometer is now being used
to understand the pinch dynamics when impurities are added to

the initial gas fil! (such as neon) and/or an axial magnetic

fleld is added at the pinch axis. Prel. ..nary results of 5%

Ne added to =3 torr hydrogen show a much tighter and
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straighter pinch at first ccmpression. The magnetic field
(=500 Gauss) stabilizes the pinch from m=0 instabilities but
not from m=1 instabillties. Perhaps a stronger axial field
will reduce the m=1 instabilities and prolong the confinement

time of the plasma.
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APPENDIX I. FRINGE SHIFT OF A WAVE IN A DIELECTRIC
The purpose of <this Appendix is to demonstrate
simply the relationship between fringe shift, §(y), and index
of refraction, H(y), of a lossless dielectric of length L in
one  arm of a Mach-Zehnder interferometer (Figure I.1). The
fringe shift, &§(y), 1s found for one ray of cross-sectlional
area dx'dz in an infinite plane wave.
Written in phasor notation, a wave travellling 1in
the y direction can be expressed by
E = E, e J(wt-fy) (1.1
where E, is the constant wave amplitude, w is the radial wave
frequency and B is the phase coefficient. Equation (I.1) can
similarly be written as
E = E, e d(VI-y) (I.2)
where v is the phase velocity of the wave. 1In fact,
W c
VoS o~ = — (I.3)
B N€ r
in a nonmegnetic material (Appendix II), ~here ¢ 1s the speed
of light in vacuum and €, is the relative permittivity of the
A AL AN l'I‘.. ﬂ‘:.l‘. l‘a a Yoo AT AU A 5L o. 5 l’» .. i.'c. OODOT UL ' e, ‘-n'.u A
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Schematic used for the fringe shift of a plasma of length L

Filgure 1.1.
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(with respect to free space) in a Mach-Zehnder interferom

The differential change is in the length dy.
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medium. The index 6f refraétion is related to the relative

permittivity by

r

It is obvious that a material of different index in
one arm of a Mach-Zehnder interferometer will cause a change
in phase velocity with respect to the wave in the other arm.

The phase shift caused by this change 1is
f
dé = — - — dy (1.5
\
where vo‘and vy are the phase velocities of the waves in the

medium and in the vacuum, respectively.

Equation (I.5) can be simplified by noting that

f
FE_R €1.6)
Vp A

and
f 1
__ = - CI.7)
Vi A,

By using Equations (I.6) and (I.7) in Equation (I.5) and then
integrating on both sides, the phase shift (fringe shift) due

to the inserted material is found:

1
§ = 2 [ (pCy)-11 dy . (1.8)
L
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APPENDIX II. APPROXIMATIONS FOR PLASMA INDEX

The purpose of this Appendix is to demonstrate that ﬁ

the refractive index for the dense plasma focus can be

approximated by ‘%

5 O
“p s

H o= (1-—2) (II.D
2m2

which is effectively the same as Equation (2) in Chapter I, S
except that the radial wave frequency is used (w=2nf). The
major effects on the plasma index are from the electron j%{
collision frequency with heavy particles (V. ), the electron .##
cyclotron frequency (wy,), and the plasma frequency (mp). It o

y
is also of concern that the wave frequency is not near the ey

upper hybrid resonance frequency, Cwyp?- Note that if the h
following approximations hold for the electrons, they will WX

g
also hold true for the ions due to their larger mass. k}

{

The electron collision frequency can be written’ R
» _ . -5 _1-5

Ve = 2.91°107° ngAgyTe (II.2)

where the Coulomb logarithm for electron-ion collisions, RAgj. hY,

: . ..l_
is given by

hei = 24-1n(ng®T,"1) | (II.3) %
'
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For a maximum density? of nezé‘lolgcm'3 and an electron o
temperature3 of 500 eV, the collision frequency is P
VaRd4: 1010/ sec. The radial wave frequency (N5) is o,
9=5.6"1019/sec and the plasma frequency for the given density W

is wp:2.5 104%/sec. The conditions )

ve? € wl-wg? (I1.4) R
. Wt
and taghe

ve2 & m2cm2-mp2)2mp4 (II.5) o

are satisfied, and the refractive index can be approximated o

by6

p2 = (1-—_) (II.6)

0

IQI
The binomial expansion can be used to arrive at Equation *:%":‘
(II.1>, since wpz is much less than w2 (typically Wy ¢ 0. 1w,

Since a magnetic flileld 1s associated with the

pinch, the plasma 1s anisotropic. In other words, the %
refractive index 1is a function of both the direction of ‘ |
propagation and eiectric field orientation of the wave %‘t
relative to the magnetic field lines. In order to o
demonstrate that the magnetic field has a negligible effect

on the index in the case of the plasma pinch, the electron
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cyclotron frequency must first be calculated where

wy = eB/mg - (II.7)

The magnetic induction, B, can be approximated by applying
Ampere’s law to an infinitly long wire with current I,. Then
the magnetic induction at the edge of a pinch of radius R can

be approximated by

BoI
p=_>2. (II.8)
2mR

The pinch current 1is typicaily =500 KA. The corresponding

3 of 1 mm (maximum

magnetic induction for a pinch radius
compression) is Bx=1 MGauss. The conditions set an upper
limit for the electron cyclotron frequency, wbz2‘1013/sec.

A wave propagating parallel to the field lines
becomes circularly polarized with eilther left- or right-hand

rotation. The corresponding index of refraction 1s®

[N
= (-2 % (II.9)

-~ J
w(wrwb’

Ml r
Since Y“w, Equation (I1.1) is a good approximation.
If the wave 1isg propagating perpendicular to the

magnetic field lines, the field has no effect when the
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electric vector of the wave is pérallel to it. The equation
in this case 1s simply Equation (II.&). When the electric

vector 1s perpendicular to the magnetic field 1lines

(extraordinary wave), the index of refraction can be written 9

- Math
as® 0

P~ % (II.10) A

and since mbz«mz-mpz, Egquation (II.1) 1is also a good
N

approximation for Equation (II.10). dd
Finally, it is noted that the wave frequency is QQ'

well away from the upper hybrid frequency defined by N

¢
]
ugn = CapZrey 2% (II.12) oy
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procedure used in alignment of the Mach-Zehnder inter-

ferometer of this thesis. Refer to Figures 8, 11 and 13 of

APPENDIX III. INTERFEROMETER ALIGNMENT PROCEDURE

The purpose of this Appendix is to outline the

Chapter II when following the steps.

1

(&)

Align the HeNe laser beam through the center of the
two focus chamber windows.

Without moving the HeNe laser, align the N, laser
such that the HeNe beam is concentric within its
window and mirror. This assures that the two beams
will take the same path.

Using the bolts that attach the gimbal mounts to
the focus flanges, adjust BS; and M, to =45° angles
with respect to the HeNe beam such that they are
also centered about the beam.

The gimbal mount micrometer adjustment screws can
now be used to vertically align the HeNe reference
and probe beams with reference to a plumb bob. The
purpose of the plumb bob is to Keep both the

reference and probe beams in one plane (not skew).

o
i
81)

the micrometer adjustment screw of M, to

chift the reference beam horizontally through BS»
Such that it lines up with the pro! beam in a
vertical plane at the cutput of BS-. Use the other

micrometer adjustment screw of ”l to coextend the

72
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Anand
reference beam with the 8" steel channel used in r 'r
|h¢

the detection stage. ﬁﬁh

l..'!.‘.

6. The flange screw is now used to position BS, to mﬁk
~45° with respect to and centered around the HeNe '3w¢
"...l'q:
reference beam. The film detector should now be ﬁSﬁ

thth,
OOONS

horizontally shifted such that HeNe,. ¢ 1is centered 5%3
within the lens and bandpass filter. %EF
i’.'?

7. Adlust M, so that the probe beam and the reference }w$
|\' d

beam coincide on the output surface of BS,. &ﬁ:

f

6. Adjust BS, so that the beams coincide near the d;ﬁf
e
pinhole. Fringes in the HeNe beam should occur. ‘E:::
; .u,‘.n,
Check near the lens. ::0".‘

9. Readjust BS, to obtain horizontal and adequately e
OOV

spaced fringes. LA

iy

VAL

R

The next step involves setting the path difference :

A |‘l'
between the reference and probe waves to zero. Since the fbh:
i ‘,l U
nitrogen laser used in this experiment is a single shot de- ??~f
. A ity

vice, a photograph must be used after each adjustment of the PY

X7

<

WA

translational stage until highly visible fringes are ob-

served. It 1s suggested that the TS be adjusted in 3 full :;;r:::
turn increments (~1 mm steps) until highly visible fringes e,
OtCur around the edges of the fringe pattern. Then the G

L)
increments should be reduced to 1 turn until the best iﬁg’
possible fringes are observed. By further reducing the “;“{
number of turns to fractional amounts, the quality of fringes :

Rty
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should be as good as seen in the vacuum (no plasma) fringe
pattern shown in Fizure 9 of Chapter 1I1I. After each
adjustment of the transiational stage, Steps 7 through 9 must

be repeated.

o
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